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ABSTRACT 
Highly alloyed CD3MWCuN was chosen to investigate the influence of cooling 
rates on the ferrite percentage of duplex stainless steels. It is known that cooling rate can 
influence the overall ferrite / austenite ratio, and achieving the proper balance of phases is 
crucial in producing a casting with suitable mechanical and corrosion properties. In this 
thesis cooling was initially investigated as a function of the solidification rate from the 
molten state and the rate of cooling from the homogenization temperature.  It was quickly 
realized that given a suitable homogenization temperature and time the solidification 
cooling rate was of minimal importance.  However, homogenization temperature and the 
cooling rate from that temperature has a large effect on ferrite percentage.  Homogenization 
cooling rates ranging from 10° to 1000°C/hr and temperatures of 1150°C, 1205°C, and 
1250°C were selected to investigate how the cooling rate and temperature will influence 
the ferrite content. In addition to the base alloy six different composition steels based on 
CD3MWCuN (containing ±10% relative amounts of Mo, Cr, and Ni) were produced to 
investigate how changing the chromium / nickel equivalent value ratio (Creq / Nieq) will 
influence the ferrite content. It was found that ferrite content increases with an increase of 
homogenization cooling rate and temperature. In addition, the ferrite content increases with 
the increase of Mo and Cr content and decreases with Ni content.   
Diagrams for ferrite content in CD3MWCuN as a function of cooling rates and 
homogeneous temperature are proposed. One diagram proposed allows the ferrite content 
of CD3MWCuN homogenized between 1150°C to 1250°C and cooled at rates between 
500° to 1000°C/hr to be predicted.  Another diagram allows ferrite content to be predicted 
as a function of Creq / Nieq ratio, enabling the performance of other alloys besides 
xiii 
CD3MWCuN to be estimated. This proposed diagram covers the Creq / Nieq ratio between 
1.34 to 1.75 and rapid cooling rates between 500° to 1000°C/hr.  
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CHAPTER 1.    INTRODUCTION 
Duplex stainless steels (DSSs), which consist of a 50/50 mixture of austenite (γ) and 
ferrite (α), are extensively used in a variety of applications including marine, oil, pulp and 
petrochemical industries due to their excellent mechanical properties and corrosion resistance 
[1-10]. The physical properties of DSS are between those of ferritic stainless and austenitic 
stainless steels but more likely to be closer to carbon steel [11-15]. In comparison with pure 
austenitic grades, DSS have better stress corrosion and pitting and crevice corrosion resistance 
[16-20].  
The ferrite percentage plays a crucial role in the corrosion and stress corrosion cracking 
resistance of DSS [21-22]. Research has found that the ferrite percentage is related to low 
temperature toughness of DSS welds [23]. Much research has been done to investigate the 
effect of the various alloying elements on the ferrite percentage [24-25]. However, less work 
has been conducted on investigating the effect of cooling rates on the ferrite percentage.  It has 
long been known that cooling rate in the solid state from high temperature in steels affects both 
the room temperature phase distribution and the microstructure, as evidenced by the formation 
of metastable phases such as martensite and the variation in lamellar spacing that can be 
produced in pearlite [26]. What is less known is how cooling rate can affect the ferrite / 
austenite ratio seen in duplex stainless steels. This is of particular importance in large steel 
castings, where changes in section thickness can produce a variety of starting microstructures 
before homogenization heat treatments, and result in different cooling rates from that 
homogenization temperature. Thus, estimation of the ferrite / austenite ratio is both important 
and difficult to do. 
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An additional complication is the fact that intermetallic phase formation has been noted 
in highly alloyed steels when cooling at the slower rates from the homogenization temperature 
[27]. While the amounts that have been seen are relatively small, less than five volume percent, 
they have produced a significant drop in the fracture toughness of DSS [28]. 
In general, the ferrite percentage of steels has been estimated using constitution 
diagrams such as those determined by Schaeffler [29], DeLong [30], Schoefer [31] and the 
Welding Research Council (WRC-1992) [32].  These diagrams are general in nature and were 
developed to characterize alloys according to composition using the chromium and Ni 
equivalents (Creq and Nieq) The Creq and Nieq formulae of these constitution diagrams are listed 
in Table 1.1. These constitution diagrams do not include cooling rates and do not accurately 
predict the ferrite percentage when the Cr content is extremely high, as is the case for highly 
alloyed stainless steels such as CD3MWCuN.  
Table 1.1 Creq and Nieq formulae from constitution diagrams used for estimating ferrite 
percentage.  
Constitution diagram Creq and Nieq 
Schaeffler Diagram (1949) 
Creq = Cr + Mo +1.5 Si+ 0.5 Nb 
Nieq = Ni + 30 C + 0.5Mn 
DeLong Diagram(1973) 
Creq = Cr + Mo +1.5 Si +0.5 Nb 
Nieq = Ni + 30 C + 0.5 Mn 
Schoefer Diagram (1980) 
Creq = Cr + 1.5 Si + 1.4 Mo + Nb - 4.99 
Nieq = Ni + 30 C + 0.5 Mn + 26 (N-0.02%) + 2.77 
WRC-92 Diagram (1992) 
Creq = Cr + Mo +0.7 Nb 
Nieq = Ni + 35 C + 20 N + 0.25 Cu 
 
The goal of this research is to develop a diagram that allows prediction of the ferrite / 
austenite ratio as a function of cooling rate in DSS. This will be accomplished through a study 
3 
 
of the effect of cooling rates on the ferrite percentage of CD3MWCuN. CD3MWCuN refers 
to a highly alloyed cast Cr / Ni steel typically used for liquid corrosion service with a maximum 
carbon content of 0.03% and contains molybdenum, tungsten, copper and nitrogen. 
Appropriate ferrite percentage is extremely important in duplex stainless steels in order to 
achieve excellent corrosion resistance, strength or toughness. It is also found that an 
appropriate amount of ferrite can significantly reduce susceptibility to hot cracking. Therefore, 
being able to predict ferrite percentage is essential in duplex stainless steel castings and welds. 
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CHAPTER 2.    LITERATURE REVIEW 
2.1 Introduction 
Duplex stainless steels (DSS), which refers to steels with equal percentages of ferrite 
and austenite, have existed for over 80 years.  DSSs have better mechanical properties and 
improved corrosion resistance in comparison with austenitic stainless steels [33-40].  
The first wrought duplex stainless steels were manufactured in 1930 in Sweden where 
they were used in equipment employed in the sulfite paper industry. These first generation 
DSS had good performance characteristics (i.e. mechanical and corrosion resistance) but not 
in the as-welded condition [41-42]. Due to the large amount of ferrite, the heat-affected zone 
(HAZ) of welds had low toughness [43].  These deficiencies eventually led to the development 
of second-generation DSS, which are defined by the addition of nitrogen as an alloying agent.  
Their commercial development began in the late 1970s. These steels have high strength and 
reduced weight, and are widely used on offshore oil platforms [44] since they possess excellent 
corrosion resistance.  
The corrosion performance of DSS, indeed all steels, is characterized according to the 
alloying content by the Pitting Resistance Equivalent Number (PREN).  The pitting resistance 
in chloride containing solutions as a function of major alloying elements is given by Equation 
2-1: 
 
PREN = % Cr + 3.3×% Mo +17×% N                                             Eq.2-1      
                                              
Modern day DSS are classified into four groups according to alloying additions. These 
groups are: 
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a. Lean  Duplex 
No deliberate Mo additions. A typical lean duplex composition is 23Cr-4Ni-0.1N. 
Lean duplexes are alternatives to AISI 304 and 316 steels. 
b. Standard 22% Cr 
These alloys have around 22% Cr and 3% Mo (22Cr-5Ni-3Mo-0.17N) and are the 
most popular and cheapest among the duplex family. The PREN of alloys of this 
nature is around 30 to 36.  
c. High alloy 
High alloy DSS have ≈ 25% Cr with varying amounts of Mo and N. The PREN 
ranges from 32 to 40. A typical high alloy DSS is CD3MWCuN (the alloy studied 
in this research). 
d. Super Duplex 
Super duplexes have > 25% Cr and 3% Mo (for example, 25Cr-7Ni-3.5Mo-0.27N), 
and a PREN of 40 to 45.  
 
2.2 Microstructure of DSS 
Fig. 2.1 shows the typical microstructures of DSS in wrought and cast form. During 
the process of solidification, ferrite forms firstly, and with the decrease of temperature the 
austenite begins to form.  
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Figure 2.1 Typical microstructure of DSS in the form of (a) wrought and (b) cast [44]. 
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Table 2.1 Compositions and crystal structures of the common phase that may appear in 
duplex stainless steels [42]. 
Phase Unit cell 
Atoms 
per cell 
Space 
group 
Lattice 
parameters(nm) 
Composition 
Main phases 
Austenite 
(γ) 
fcc 4 Fm3m a=0.358-0.362 (Fe, Cr, Ni, Mo, N) 
Ferrite (δ 
or α) 
bcc 2 Im3m a=0.285-0.289 (Fe, Cr, Ni, Mo) 
Martensite 
(α') 
bcc 2 Im3m a=0.285-0.289 (Fe, Cr, Ni, Mo, N) 
Martensite 
(ɛ) 
hcp 2(6) P63/mmc 
a=0.250-0.255 
c=0.410-0.420 
(Fe, Cr, Ni, Mo, N) 
Intermetallic phases 
Sigma () bct 30 P42/mnm 
a=0.87-0.92; 
c=0.4554-0.48 
(Fe, Ni)x(Cr, Mo)y 
Chi (χ) bcc 58 I43m a=0.881-0.895 
Fe36Cr12Mo10; 
(Fe, Ni)36Cr18Mo4 
Laves hex. 12 P63/mmc 
a=0.87-0.92; 
c=0.4554-0.48 
Fe2Mo; Fe2Nb; 
Fe2Ta;Fe2Ti;Fe2W 
G fcc 116 Fd3m a=1.115-1.120 
Ni16Nb6Si7; Ni16Ti6Si7; 
(Ni,Fe,Cr)16(Nb,Ti)6Si7 
R hex. 53(159) R3 
a=1.08-1.10 
c=1.92-1.94 
Fe22Mo18Cr13; 
(Fe, Ni)10Cr5Mo3Si2 
Carbides 
M23C6 fcc 116 Fm3m a=1.057-1.068 
(Cr, Fe, Mo)23C6; 
(Cr16Fe5Mo2)C6 
MC ord fcc 8 Fm3m a=0.4131-0.4698 (Ti, Nb, V)C 
M6C fcc 112 Fd3m a=1.085-1.128 (Fe, Mo, Nb, Cr)6C 
M7C3 
pseudo 
hex. 
40 Pnma 
a=1.395-1.400; 
c=0.452-0.453 
(Cr, Fe)7C3 
Nitrides 
MN ord fcc 8 Fm3m a=0.4097-0.4577 
CrN, ZrN; TiN; 
NbN; VN 
M2N hexagonal 9 P31m 
a=0.475-0.480 
c=0.443-0.447 
(Cr, Fe)2N 
Z-phase tetragonal 6 P4/nmm 
a=0.303-0.306; 
c=0.738-0.740 
CrNNb 
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Table 2.1 presents the crystal structures and compositions of the common phases that 
may appear in duplex stainless steels.  DSS have two main phases (α = ferrite and γ1 = 
austenite) and secondary phases (, χ, nitrides, carbides, secondary austenite γ2). Austenite (γ1) 
and secondary austenite (γ2) are slightly different in lattice parameter and precipitation 
temperature [42]. 
Secondary phases are intermetallic compounds that are harmful to corrosion resistance 
and mechanical properties.  Intermetallic phases which have high amounts of Cr and Mo are 
most deleterious to corrosion and mechanical properties because Cr and Mo removed from the 
matrix by formation of the intermetallic reduces corrosion resistance while at the same time 
precipitation at the grain boundaries greatly reduces the fracture toughness of the material. 
Figure 2.2 schematically shows precipitate phases that have been observed in DSS as 
a function of time and temperature. Between 650°C and 970°C, intermetallic phase 
precipitation might take place in the form of sigma phase (), chi (χ) phase, carbides and 
nitrides. In the range of 300°C to 500°C, alpha-prime (α’) may form, which leads to 475°C 
embrittlement in ferrite [45]. A brief summary of the most commonly observed phases is given 
below. 
 
Figure 2.2. Precipitates in Duplex stainless steels [46] 
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a). Sigma phase (σ) is the most commonly formed phase and also the most studied 
intermetallic compound in duplex stainless steels. In 1936, Jett [47] called the compound sigma 
and Bergmann determined its structure in the Fe-Cr systems. The sigma phase has a tetragonal 
structure with 30 atoms per unit [48]. The typical composition of sigma phase is Fe-30Cr-4Ni 
and 4-7 Mo, depending on the Mo additions of the alloy. The formation of sigma phase will 
have harmful effect of mechanical properties and corrosion resistance of duplex stainless steel 
because of its chemical compositions.   
Recent studies show that the kinetics of sigma phase precipitation is slower for DSS 
than austenitic stainless steels. Complete precipitation can take several hours and consume all 
the ferrite present in the microstructure [49-50].  Precipitation in DSS occurs between 650°C 
and 975°C and can be represented by an eutectoid-type reaction: α → γ2+σ as shown 
schematically in Fig 2.3. Precipitation starts at the α/γ interface. The new austenite (γ2) is 
primarily Fe-Ni alloy without Mo and has a low Cr content, which is why the precipitation of 
sigma makes the alloy susceptible to localized corrosion at the sigma/austenite boundary. The 
sigma phase grows into the ferrite instead of austenite due to sigma being rich in the ferrite 
stabilizing elements such as Cr, Mo, Si and poor in austenite stabilizing elements such as Ni, 
C and N [51]. 
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Figure 2.3. Schematic diagram showing sigma phase formation in a duplex stainless steel via 
eutectoid decomposition of the ferritic phase [51]. 
It is also found that sigma precipitates in a wide temperature range. Nucleation of sigma 
phase is heterogeneous in nature across the ferrite / austenite boundaries and not dependent on 
the crystallographic orientation relationships between the phases. Sigma phase is 
thermodynamically stable in the elevated temperature range as compared to ferrite [52].  
b). Chi phase (
Chi phase is another commonly found phase in duplex stainless steels, but usually in 
small amounts. Chi phase may occur in ferritic, austenitic, and duplex stainless steels with 
negative effect on the mechanical and corrosion properties [53]. Unlike sigma phase, which 
can be present in Fe-Cr only alloys, Chi phase forms in Fe-Cr-Mo ternary or Fe-Cr-Ni-Mo (Ti) 
quaternary systems [54].  
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Chi phase is richer in Mo and poorer in Cr in comparison with sigma phase. The chi 
phase precipitates mainly around ferrite/austenite interface and sometimes between ferrite and 
ferrite grain boundaries. Chi phase and sigma phase are not distinguishable by optical 
microscope but they can be distinguished using diffraction in a transmission electron 
microscope (TEM) or in a scanning electron microscope when imaging using backscattered 
electrons (BSE-SEM).  Due to the difference in chemical composition between Sigma and Chi, 
a much brighter contrast is seen for this phase, an example of which is shown in Fig 2.4 [22]. 
Although Chi phase is present in smaller amount it also is detrimental to the mechanical 
properties and corrosion resistance. It is reported that chi phase is stable at lower temperature 
and may transform to sigma phase after long time aging [55].  
 
 
Figure 2.4. Phase contrast of Chi phase (white) and Sigma phase (light gray) because of 
difference of chemical composition [56]. 
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c). Carbides: Most DSS contains less than 0.03 wt.% of carbon content and the 
maximum carbon content is less than 0.05 wt.%. For DSS, the carbon content is kept very low 
(less than 0.03 wt. %) to avoid carbide formation. This is due to the high affinity of Cr and Mo 
to form carbides, creating denuded zones and lowering the corrosion resistance [42].  However, 
even with these low amounts carbides will start to precipitate at the early stage of aging, prior 
to the formation of other phases, due to the high mobility of carbon.  
Carbides usually precipitate on the ferrite/austenite boundary, which causes a decrease 
in intergranular corrosion resistance [57].  
d). Cr2N: 
Nitrogen is intentionally added to duplex stainless steel because Nitrogen is a strong 
austenite stabilizer and improves corrosion resistance. Nitrogen can delay intermetallic phase 
formation in solid solution [58]. Hexagonal nitride Cr2N precipitates in small amounts in 
austenite if the nitrogen content is too high; Cr2N is likely to form during rapid cooling at a 
high temperature due to the occurrence of a super-saturation of nitrogen. Cr2N precipitates 
around high ferrite-content regions within the range 700°C to 900°C [59]. 
e). R phase: 
The R phase has been seen to precipitate out of solution between 550°C and 800°C. 
The approximate composition of R phase is 30Fe-25Cr-35Mo-6Ni-4Si. R phase is harmful in 
that it leads to pitting corrosion resistance and also a decrease in fracture toughness [60]. 
f). π phase: 
The π phase forms at 600°C and has been identified as being a nitride [61]. Like other 
intermetallic phases, π phase is also detrimental to toughness and pitting corrosion resistance.   
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g). Secondary Austenite (2): By doing EDS analysis of the phases in cast duplex 
stainless steels, Pohl [62] summarized that austenite precipitation can be classified as three 
types shown in Table 2.2. Secondary Austenite is the most common in DSS and precipitates 
on austenite/ferrite boundaries within the ferrite grains.  Secondary Austenite is different from 
primary austenite in both composition and morphology and although the crystal structure is 
the same it has slightly different lattice parameters than primary austenite [63].  Fig 2.5 shows 
examples of different types of morphologies of secondary austenite. The little needles are 
secondary austenite growing within the ferrite phase.  
The primary type of austenite is formed during solidification from liquid state. The 
secondary austenite is formed the precipitation from the ferrite phase. The tertiary austenite is 
due to the following eutectoid reaction (ferrite transformed into sigma + tertiary austenite). 
 
Table 2.2 Types of austenite formed in duplex stainless steel [63]. 
Type Formation 
Primary (γ1) During Solidification: 
Secondary (γ2) Precipitation from ferrite: 
Tertiary (γ3) Eutectoid reaction: 
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Figure 2.5. Different secondary austenite morphologies [6]. The little needles are 
secondary austenite growing within the ferrite phase. 
 
Southwick [64] also investigated the decomposition of ferrite to austenite and Fig 2.6 
shows the isothermal transformation diagram he developed of ferrite decomposition into 
austenite at 1300°C following by water quenching for 26% Cr-5% Ni duplex stainless steels. 
The decomposition of ferrite is completed quickly as shown in the Figure 2.6. 
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Figure 2.6. Isothermal transformation diagram of ferrite decomposition into austenite at 
1300°C following by water quenching [64]. 
 
When producing a DSS controlling the ferrite / austenite ratio is necessary to produce 
an alloy with optimum properties. This necessitates a knowledge of how the phase constituents 
change with processing conditions.  The Schaeffler Diagram (Figure 2.7) developed in 1949 is 
one of the earliest constitution diagrams to predict ferrite percentage based on the composition 
of the stainless steel. In the Schaeffler diagram the nickel equivalent is calculated for the 
austenite stabilizing elements and the Cr equivalent for ferrite stabilizing elements using the 
following formulae: 
 
  Creq = Cr + Mo + 1.5 Si + 0.5 Cb                                              Eq.2-2 
 
Nieq = Ni + 30 C + 0.5 Mn                                            Eq.2-3 
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The Cr and Ni equivalents are then used as axes for the diagram. The diagram is divided into 
single phase regions: ferrite, austenite, martensite; two phase regions: austenite + ferrite, 
austenite + martensite, ferrite + martensite; and three phase regions: austenite + ferrite + 
martensite.  
 
 
Figure 2.7 Schaeffler diagram [29]. 
 
 The Delong diagram (Figure 2.8) developed in 1974 can be considered an extension of 
the Schaeffler diagram, except it takes the austenite stabilizing element Nitrogen into account. 
The Cr equivalent is the same but the nickel equivalent is changed to:  
 
Nieq = Ni + 30 C +0.5 Mn + 30 N.                                 Eq.2-4 
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This diagram permits a more precise evaluation of ferrite percentage. In comparison to the 
Schaeffler diagram the Delong diagram showed a more constant slope for the ferrite percentage 
lines with the spacing between the lines representing volume percent ferrite being 
approximately equal as opposed to the changing spacing on the Schaeffler diagram. 
 
Figure 2.8. Delong diagram [30]. 
 
The Welding Research Council (WRC)-1992 diagram, shown in Figure 2.9, is an 
improved version of both the Schaeffler and De-Long Diagrams as this diagram included a 
coefficient for Cu in the Ni equivalent. The Creq for the Schaeffler diagram is from 0 to 40 and 
Nieq from 0 to 32 while the Creq of the WRC-1992 diagram is from 17 to 31 and Nieq from 9 to 
18.  
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Figure 2.9 WRC-1992 Diagram [31]. 
 
For the WRC-1992 diagram, the Cr and Ni equivalents use the following formulae: 
 
Creq = Cr + Mo + 20 N + 0.7 Nb                               Eq.2-5 
 
Nieq = Ni + 35 C + 20 N + 0.25 Cu                               Eq.2-6 
 
 The Schoefer diagram (Fig 2.10) from ASTM A800 developed by committee A01 is 
the latest diagram to estimate ferrite content for austenitic alloys. The ferrite content of a 
casting is estimated by the composition ratio of chromium equivalent (Creq) to nickel 
equivalent (Nieq) determined by the following formula: 
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Creq = Cr + 1.5 Si + 1.4 Mo + Cb -4.99                                          Eq.2-7 
 
                                Nieq = Ni + 30 C + 0.5 Mn + 26 (N-0.02%) + 2.77                           Eq.2-8 
                               
 
Figure 2.10. Schoefer Diagram for Estimating the Average Ferrite Content in Austenitic Fe-
Cr-Ni Alloy Castings [31]. 
 
 All of the diagrams discussed above seek to predict the ferrite / austenite ratio as a 
function of composition.  CD3MWCuN was selected in this paper. By entering the composition 
of the CD3MWCuN into those four diagrams, it was found that the diagrams give an estimation 
of ferrite content 86% (Schaeffler), 70% (WRC-1992) and 22-46% (Schoefer). Delong 
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diagram is out of range for the alloy (CD3MWCuN). Comparison of these diagrams to real life 
castings shows that the current diagrams are inaccurate for a number of reasons.  For example, 
modern castings contain large amounts of minor alloying additions such as Cu which is not 
accounted for in the Cr and Ni equivalents but can still be expected to influence the ratio. 
Perhaps more importantly, while composition obviously plays a large role in determining the 
ferrite / austenite balance it is important to note that cooling rates also have a great influence 
on the ferrite percentage of DSS. Currently no study has ever sought to incorporate the effect 
of cooling rate into the development of a constituent diagram.  
 
2.3 Ferrite Percentage Measurements 
In developing constituent diagrams it is necessary to obtain reliable measurements of 
the phase percentages present.  It is also helpful to understand how in an industrial setting the 
ferrite / austenite ratio is measured within a casting in order to control the processing 
parameters employed to produce the desired ferrite / austenite ratio.  There are several methods 
used to measure ferrite percentage of stainless steels, three of which will be discussed here: 
Metallography, Magnetic methods, and calculation from composition. The advantage of 
metallography methods is that they use direct observation of the phases present to determine 
ferrite percentage.  However, they are time consuming and labor intensive, which make them 
less desirable in an industrial setting. For this reason magnetic and calculated percentages are 
often used since both can be done fairly quickly with less (or no) need for preparation of test 
samples.  
2.3.1 Metallographic Point Count Method 
ASTM E562 -11 [65] describes a standard test method for determining volume fraction 
by systematic manual point counting. In point counting a grid is placed over a micrograph and 
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the total number of points in the test grid that falls within the microstructural feature of interest 
are counted. Each test point on the boundary is one half a point. Figures 2.11 (a) and (b) show 
standard circular and square test grids consisting of a specified number of equally spaced points 
by the intersection of very thin lines. The equations to calculate ferrite percentages are shown 
as follows: 
𝑃𝑃(𝑖) =
𝑃𝑖
𝑃𝑇
×100 
𝑃𝑃(𝑖) =
𝑃𝑖  ×100 
𝑃𝑇
 
?̅?𝑃 =
1 
𝑛
∑ 𝑃𝑃(𝑖)
𝑛
𝑖=1
 
𝑠 = [
1
𝑛 − 1
∑[𝑃𝑃(𝑖) − ?̅?𝑃]
𝑛
𝑖=1
2] 1/2 
95% CI = t×
s
√𝑛
 
𝑉𝑉 = ?̅?𝑃 ± 95% CI 
%𝑅𝐴 =
95%𝐶𝐼
?̅?𝑃
×100 
 
where: 
PT: total number of points in the test grid. 
Pi: point count on the i
th field. 
PP(i): percentage of grid point, in the constituent observed on the i
th field. 
n: number of fields counted. 
Pp: arithmetic average of PP(i) 
s: standard deviation (σ) 
95%CI: 95% confidence interval 
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t: a multiplier related to the number of fields examined 
Vv: volume fraction of the constituent or phase expressed as a percentage. 
%RA: % relative accuracy. 
      
Figure 2.11 Circular Grid (a) and square grid (b) [65]. 
 
 Point counting is a destructive method and involves preparing the sample using 
standard metallographic preparation procedures. The sample has to be polished well and etched 
for the point-count method. The magnification is chosen as needed to clearly distinguish 
between different phases. The grid should include equally spaced points formed by the 
intersection of fine lines. 
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Figure 2.12 Example image showing a superimposed test grid used for the manual method. 
 
Fig 2.12 shows an example image using this manual method. When the microstructure 
has more than two phases, it is suggested to use the point-count method since different phases 
can be distinguished using BSE-SEM images and the results are reliable and accurate. 
However, using this method takes a lot of time to get the phase percentage.  
Fig 2.13 shows a computer analysis method to calculate the phase percentage. In this 
method a program called ImageJ is illustrated.  As Fig 2.11 (b) shows, the austenite has been 
set as white and ferrite as black. By calculating the percentage of the white and black area, the 
ferrite and austenite ratio can be obtained. The advantage of this method is that it is much 
quicker than the point-count method. The disadvantage of this software is that simple computer 
methods often are not able to distinguish more than two phases. However, more advanced 
programs are available that can be used for multi-phase evaluation.  
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a.                                                             b. 
Figure 2.13. Example image showing a computer analysis by ImageJ (a) Typical as-stained 
sample (b) Analysis of this image using ImageJ. 
 
2.3.2 Magnetic Methods 
Ferrite percentage measurement by magnetic methods uses a phenomenon known as 
magnetic saturation. Magnetic saturation measurement involves saturating a metal with a 
magnetic field and measuring the associated magnetic response. The response an instrument 
measures is from the ferromagnetic ferrite phase. The larger amount of ferrite percentage, the 
higher the induced magnetic response will be. There are three main instruments that have been 
developed using magnetic properties to measure ferrite percentage, namely, the Severn Gauge, 
the Magne-Gauge, and the Feritscope.  
The Severn gage utilizes a permanent bar magnet and a series of reference magnets of 
known magnetic strength. Using the reference magnets and comparing them to the test sample, 
the user can estimate the ferrite percentage. The advantage of the Severn gage is that it is easy 
to use and portable. One disadvantage is that it can only measure a limited range of ferrite 
percentage.  
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 The Magne-Gauge (Fig 2.14) is a laboratory instrument, not suitable for use in a 
production environment.  The test specimen is placed on the base of the instrument and the 
carriage is lowered until the magnetic guard rests on the sample. The dial is rotated to lower 
the magnet onto the sample surface and then turned clockwise until the magnet suddenly breaks 
away from the sample. Five dial readings are taken and recorded and the average of these five 
readings are compared to a calibration curve to determine the ferrite percentage. Surface 
roughness and vibration can influence the final results. Like the Severn Gauge the disadvantage 
of the Magne-Gauge is that since it can only generate a limited amount of lift-off force so it 
too is restricted to certain ferrite ranges [66]. 
 
 
Figure 2.14 Mange-gage. 
 The Feritscope is a small portable electronic device with a probe attached to the 
instrument, as shown in Figure 2.15. The Feritscope takes a magnetic field of known strength 
and induces it into a sample through an eddy current probe. Eddy current testing is based on 
the physics of magnetic induction. The higher the ferrite percentage, the stronger the eddy 
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current created by the probe and the changes in the magnetic field induce a voltage proportional 
to the ferrite percentage.  This voltage is measured by the Feritscope and correlated to the 
ferrite percentage. The advantages of the Feritscope are its portability, ease of use, easy sample 
preparation, and increased operator efficiency [67].  All of these factors make it suitable for 
use in an industrial environment and it has been widely adopted. 
 
Figure 2.15 Feritscope FMP 30 [68]. 
 
2.3.3 Calculation Methods 
Calculation methods also exist to determine ferrite percentages.  These methods rely 
on the pseudo-constitution diagrams that have been developed using experimental 
observations, such as the Schaeffler diagram, the Delong diagram, the WRC-diagram and the 
Schoefer diagram discussed in section 2.3. It should be noted that all of these diagrams are 
based solely on composition. As such they will always be inaccurate since composition alone 
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does not determine the ferrite that may be expected in any given area of a casting, especially 
as the cast part becomes larger and more complex. Casting factors that can disrupt equilibrium 
conditions and result in varying amounts of ferrite at different locations in a single casting are 
discussed in the next section. 
 
2.4 Factors Affecting Ferrite Content 
Various factors affect the amount of ferrite that can be expected in a casting. These  
include: 
Chemical composition: The effect of chemical composition is the basis for the constitution 
diagram used for estimating ferrite percentage as discussed above. The composition determines 
the base level as might be expected from equilibrium phase diagrams. Thus, while composition 
is the ultimate factor for determining ferrite percentage it is only reliable under equilibrium 
conditions. Such conditions do not exist in the as-cast condition and may not be reached even 
after long-term homogenization anneals in highly alloyed systems. 
 Different alloying elements have specific effects on the properties of duplex stainless 
steel. The amount of alloy elements, the heat treatment applied, and impurities present through 
the casting process ultimately determine the properties of any specific steel grade. A summary 
of the most common alloying additions is provided below. 
Chromium (Cr): Cr is the most important element in duplex stainless steels since it 
determines the basic corrosion resistance. Cr is a ferrite stabilizer and the Cr content is usually 
kept over 22% to have strong pitting and crevice corrosion resistance. However, in order to 
maintain good ductility and toughness, the Cr content is usually kept lower than 29%. The 
corrosion resistance and oxidation resistance at high temperature increases with the increase 
of Cr content [68].   
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Nickel (Ni): The reason to add Ni is to promote the austenite structure to achieve a 
balanced austenite/ferrite ratio since Ni is an austenite stabilizer. Ni generally increases 
toughness and ductility and also influences the corrosion properties and the formation of 
secondary phase [69-70]. A study by Varol [71] found out that Ni increases the temperature 
range for sigma precipitation. 
Molybdenum (Mo): Mo significantly increases uniform and localized corrosion 
resistance. Mo promotes a ferritic microstructure and also increases mechanical strength. 
However, Mo also increases the risk of secondary phase formation in duplex stainless steels 
[72].  
Copper (Cu): Cu is added to DSS because it can improve corrosion resistance in certain 
acid environments [73] and also is an austenite stabilizer. It can be added to decrease work 
hardening in grades designed for improved machinability.  
Silicon (Si): Si is well known to increase fluidity in steel making them more amenable 
to casting. Si promotes a ferritic microstructure and increases strength. It is typical that 0.5%-
0.6% Si is added to DSS [74]. 
Nitrogen (N): N is a strong austenite stabilizer and significantly increases mechanical 
strength. It improves localized corrosion resistance and increases the pitting temperature [75]. 
It increases yield strength by solid solution strengthening. The effect of N on the 
ferrite/austenite ratio is shown in Fig 2.16 [76]. 
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Figure 2.16 Effects of peak Temperature and Nitrogen Content on the Ferrite content [77]. 
 
Tungsten (W): W is added in minor amounts to DSS to improve corrosion resistance. 
Hertzman [77] found that super DSS containing W are more likely to precipitate Chi-phases 
and secondary austenite. W, like Cr and Mo, promotes sigma phase formation and the amount 
of Cr2N increases with the increase of W. Ogawa suggested W is beneficial for DSS when the 
amount is lower than 2% [78]. 
Manganese (Mn): Mn is used to improve hot ductility for DSS. At low temperature Mn 
is austenite stabilizer, however, Mn is a ferrite stabilizer at high temperature [79]. Mn increases 
the solubility of N in Fe and is used to obtain high N contents in DSS [79].  
Carbon (C): While carbon is usually considered as the most important alloying addition 
in steels, giving them their high strength, carbon additions in DSS are kept extremely low due 
to the tendency to form carbides, which removes alloying additions from the matrix necessary 
for corrosion resistance.  A strong austenite stabilizer, C significantly increases mechanical 
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strength but in DSS reduces toughness and corrosion resistance because of intermetallic 
formation [42].  
Titanium (Ti): Ti is strong ferrite and carbide former. It can reduce carbon content in 
the matrix by forming and promotes a ferritic structure. For austenitic steels, Ti is added to 
increase intergranular corrosion resistance with increased carbon content and also increases 
mechanical properties at high temperature. In ferritic stainless steel, Ti is added to improve 
toughness, corrosion resistance and formability [80].  
Niobium (Nb): Nb like Ti promotes the ferritic structure and forms carbide. In 
austenitic steels Nb increases intergranular corrosion resistance and improves mechanical 
properties at high temperature. In ferritic steels, Nb is added to improve toughness and 
minimize the risk of intergranular corrosion [42]. 
Vanadium (V): V forms carbides and nitrides at lower temperature, promotes the ferrite 
microstructure, and increases toughness [41].  
Sulfur (S): S is added to increase machinability for certain stainless steels [42].  
It is generally known that the balance between Cr and Ni creates the greatest influence 
on the balance between ferrite and austenite in duplex stainless steels. Fig 2.17 shows the 
significance values of the elements that influence the ferrite content as computed by five 
different neural network models [81]. It clearly shows the Cr, Ni and Mo are the three main 
elements that will affect the ferrite content. The other elements influence the ferrite content to 
a lesser degree according to the following order of:  
 
Mo > N > V > Ti > Cu > Co > Si > C > Fe. 
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Figure 2.17 Significance values of the elements that influence the ferrite content [81]. 
 
The effect of composition will be studied only to a minor extent in this project.  
Castings where the composition varies slightly from the base will be produced and subjected 
to the same solidification and homogenization cooling rates as the base material.  
Casting section thickness: since solidification typically does not occur under 
equilibrium conditions it is expected that ferrite percentages will vary within a casting. Beck 
[42] found inconsistent result when determining ferrite percentage versus section thickness. In 
this study, low carbon grades (such as CF and CF3M) were found to have lower ferrite 
percentage in thin sections than thick sections.  
Heat treatment and temperature: Beck [42] also found that heat treatment increased the 
ferrite amounts in the thick sections of a CF3M casting but decreased the ferrite to less than 5 
volume percent in the thin section of the same casting.  A low ferrite (5 volume percent) CF3 
casting showed similar effects while a high ferrite (45-50 volume percent) casting showed a 
drop in ferrite percentage at all section thickness. 
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2.5 Ferrite Prediction Model 
Being able to predict ferrite content in duplex stainless steels is extremely important 
for manufacturers. According to the service requirement, a minimum ferrite content is required 
to ensure that welds are susceptible to hot cracking problems. In addition to the phase 
prediction diagrams discussed in Section 2.3 a limited number of researchers have investigated 
predicting ferrite content with cooling rates.  
In 1997, S.S. Babu [82] developed a Function Fit model for estimating ferrite content. 
In this model, the ferrite content is related to the difference in free energy between the ferrite 
and the austenite. The equation used to determine ferrite content is given below: 
 
FN =A [1+exp (B +C ΔGγ→α]-1                                     Eq.2-10 
                                               ΔGγ→α = Gα - Gγ                                                    Eq.2-11 
where A, B, C are the constants, FN = ferrite number, and ΔGγ→α is the free energy between 
ferrite and austenite. This model can be applied to a wide range of stainless steel weld 
compositions, however, the accuracy of this method is questionable when compared to 
experimental data such as is shown in the WRC-1992 diagram in Figure 2.9.  
In 2003, J.M. Vitek [83] proposed the ORFN (Oak Ridge Ferrite Number) model to 
predict ferrite content based on a neural network analysis. Fig 2.18 shows a schematic diagram 
of the ORFN neural network structure he developed based on the dataset for the WRC-1992 
diagram. In comparison with the Function Fit model of Babu et.al, this model takes cooling 
rate into consideration and is more accurate for estimating ferrite.  
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(a) 
 
(b) 
Figure 2.18. Schematic diagram of ORFN neural network structure (a) showing the neural 
network structure with three layers of node and connections between nodes (b) showing 
effect of elements on the ferrite content [83]. 
M. Vasudevan [84] proposed another model called the BNN (Bayesian neural network) 
model for prediction of ferrite content in stainless steel welds. In this model, the effect of 
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individual elements on the ferrite content was quantified for duplex stainless steel welds 2205 
and 309 austenite stainless steel. This network used 13 input nodes standing for 13 different 
compositions, six hidden nodes and one output as shown in Fig 2.19.  
 
Figure 2.19 Schematic diagram of Bayesian neural network structure [84]. 
 
Fig 2.20 shows the predicted ferrite content vs element concentration for 309 Austenitic  
stainless steel welds. It was found that the ferrite content decreased with increasing 
concentration of elements C, N and Ni (Austenite stabilizer) and increase with increasing 
concentration of elements Cr, Si, V (Ferrite Stabilizer) [42]. The figure also shows that the 
ferrite number changes significantly with the change amount of Cr, Ni, Mo. In addition, 
nitrogen also changes the ferrite content tremendously even though the nitrogen content is less 
than 0.30 wt%. This is because nitrogen is a strong austenite stabilizer.  
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Figure 2.20 Predicted Ferrite content vs element concentration for 309 Austenitic stainless 
steel [84]. 
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The Function Fit, ORDN, BNN models were all developed for wrought stainless steels 
to predict the amount of ferrite that may be present in weldings. Thus, they are not strictly 
applicable to the duplex stainless steel castings which are investigated in this thesis.  
 
2.6 Effect of Cooling Rates on Ferrite Content 
Limited research has been done to investigate the effect of cooling rate on the ferrite 
content of duplex stainless. In 1987, S.A. David investigated the effect of rapid solidification 
on stainless steel weld metal microstructures and its implications on the Schaeffler Diagram 
[85]. In this paper it was concluded that the rapid cooling rates have a significant influence on 
weld metal microstructures, which makes the constitution diagrams (Schaeffler and Delong 
diagrams) inaccurate for predicting ferrite content.  
Figure 2.21 presents a modified constitution diagram based on the work of David which 
takes into account different cooling rates. This diagram is designed for stainless steel weld 
metal. The ferrite content changes considerably with different cooling rates. For example, lines 
denoting the two-phase ferrite + austenite region converge as cooling rate increases. At higher 
cooling rate, the ferrite to austenite transformation reaction is retarded. The ferrite content of 
three different duplex stainless steels investigated in the paper [85] was found to increase with 
the increase of the cooling rates. It is also found that a simple representation like the Schaeffler 
diagram does not work for different cooling rates. Based on these results a modified Schaeffler 
diagram was proposed and is shown in Figure 2.22. This diagram is somewhat limited since 
only two ferrite content lines (0% and 100%) are shown, making it difficult to accurately 
estimate amounts for the duplex alloys.  
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Figure 2.21 Proposed constitution diagram for stainless steel welds showing the effect of 
cooling rate on Ferrite content [83]. 
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Figure 2.22 Modified Schaeffler Diagram with Different Cooling Rates [85]. 
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2.7 Project Goals 
It is clear by a consideration of the literature that the effect of alloying additions is the 
major parameter in determining the ferrite / austenite ratio in ferrous alloys. However, it is also 
clear that as alloys involve more and more elemental additions departures from the existing 
diagrams can be expected.  This is especially true when coupled with the effect of varying 
cooling rates that can exist throughout a large, complicated casting.  Simply basing the 
expected overall ferrite / austenite ratio on composition in such cases becomes very simplistic. 
The primary goal of this study is to develop a diagram (or diagrams) to predict the ferrite 
percentage as a function of different cooling rates.  The effect of composition will be studied 
only in terms of variations from a standard casting alloy composition, rather than as a large 
matrix of widely varying composition. As envisioned, the produced diagram could be used 
with various existing casting software (for example, Magma or Procast) to determine variations 
that can be expected in different areas of a casting due to varying cooling rates. The slight 
composition variations that will be studied should aid in predicting what may occur if 
composition creep occurs in various parts of the casting. 
The diagram will be developed by studying the base material of CD3MWCuN, a 
common duplex casting alloy, and some alloy compositions that vary slightly from the base.  
The proposed diagram will consider solidification rate from the melt, homogenization 
temperature, and cooling rate from those temperatures. Thus, this project hopes to determine 
the effectiveness of the homogenization temperature in determining the ferrite / austenite ratio, 
whether the solidification cooling rates or the homogenization cooling rates has more influence 
on the final ferrite percentage of DSS, and how the ratio may be affected by slight 
compositional differences.  
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CHAPTER 3.    EXPERIMENTAL PROCEDURES 
3.1 CD3MWCuN Slow Cooling Rate Samples 
Keel bars 35 × 20 × 180 mm in size of CD3MCuN were received for examination from 
a member company of the Steel Founders Society of America (SFSA). The nominal 
composition of the as-received bars is shown in Table 3.1. For each specific experiment a 
single keel bar was selected and used to produce test specimens for that experiment, the 
assumption being that by using a single bar the compositions for samples used in that 
experiment would be as identical as possible. 
Table 3.1 Nominal composition of received CD3MWCuN material. 
Element Mn Si  Ni Cr Mo Fe Cu W N 
wt % 0.42 0.73  7.37 24.74 3.69 61.3 0.677 0.54 0.23 
Element C P  S V Cb Co Ti B  
wt % 0.03 0.024  0.011 0.066 0.025 0.09 0.003 0.003  
 
Solidification Rate Studies: Samples having different solidification rates were 
produced in the following manner.  In an initial experiment a single keel bar was selected (Fig 
3.1a) and sectioned into six pieces of roughly equal weight. From these pieces of assumed 
identical composition six cylindrical samples (18mm diameter × 30mm length) were produced 
by remelting and controlled cooling casting (Fig 3.1b) using the facilities of the Materials 
Preparation Center [85]. The six samples were heated to 1525°C under an Argon atmosphere 
(Fig. 3.1c), held for 30 minutes, and then cooled to 400°C with six different solidification rates 
(10°, 20°, 50°, 100°, 200°, 300°C/hr). Once 400˚C was reached the furnace was powered off 
and the samples were allowed to cool to room temperature.  
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a.           b. 
 
 c. 
Figure 3.1 a) Keel bar selected for the experiment (35 × 20 × 180 mm). b) Example of a 
recast sample solidified at a controlled rate. c) Typical encapsulated samples for controlled 
cooling from the homogenization temperature. 
 
The second set of experiments employed samples solidified at only two different rates, 
namely 50°C/hr and 200°C/hr.  For these experiments the outside of the initial keel bar was 
first removed in case there were any surface effects from the prior casting that were affecting 
the results.  An example of the starting material for these experiments is shown in Figure 3.2. 
Finally, the last experiments conducted used material from an initial keel bar (similar 
to the example shown in Figure 3.1a) where the actual solidification rate was unknown. This 
was possible since the earlier experiments showed that the initial cast surface showed no 
significant composition variations and if properly homogenized the initial solidification rate 
had little effect on the results. These studies are discussed in more detail in section 3.2.  
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Figure 3.2 Example of keel bar with surface material removed (60mm length ×40mm  
width ×35mm height). 
 Homogenization Studies: To study the effect of homogenization temperature 
and cooling rate from those temperatures slices were cut from the solidified as-cast cylindrical 
and keel bar samples. Since the size of the recast pieces varied depending on the crucible used 
slices ranged in size from approximately 2.5 mm thick for the first series to 4 mm thick for the 
second experiment. Homogenization was achieved in one of three ways. For initial 
experiments slices for homogenization were encapsulated under an Ar atmosphere (see, for 
example, Fig. 3.1c), after which they were placed in a standard tube furnace for the planned 
heat treatment schedule. These samples were homogenized at the highest temperature and 
longest time used, namely, 1250°C for 4 hr, to completely dissolve any starting intermetallic 
phases that may be present in the samples. This decision was based on the work of Dupont 
[86], who found complete dissolution of the sigma phase and homogenization of Mo only 
happened after a heat treatment of 1205°C for 4 hr. This same study also found that this heat 
treatment produces corrosion resistance of CN3MN and CK3MCuN cast alloys on the level of 
their wrought counterpart alloys [87]. Thus, by using an even higher temperature than 
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suggested by Dupont it was assumed any differences seen in phase formation between samples 
cooled at similar rates could only be due to residual differences in the initial microstructure 
produced by the selected solidification rates.  
A second lower temperature, based on the work of Dupont, was also used for select 
samples. This involved heating to 1205˚C for four hours in an Ar atmosphere. This was to 
mimic Dupont’s suggested heat treatment.  
Finally, a third homogenization treatment was used.  In this case samples were heated 
to a temperature of 1150°C for 30 minutes. This lower T, shorter time homogenization scheme 
was used at the request of SFSA since it more closely mimics typical industry practice used by 
their member companies. Another significant difference employed in this lower T treatment 
was that the samples were homogenized in air without the benefit of encapsulation. 
Once homogenized most of the samples were cooled from the homogenization 
temperature at different rates.  Initial studies cooled at slower rates of 10°, 20°, 50°, 100°, 200°, 
and 300°C/hr to 400°C, after which the furnace was powered off and they were allowed to air 
cool to room temperature. Later studies involved air-cooled and water-quenched samples as 
well as rapid cooling rates of 500°, 750°, 850° and 1000°C/hr.  The higher cooling rate studies 
are discussed in more detail in Section 3.2. 
Sample Preparation for Optical and Scanning Electron Microscopy: All samples for 
optical and SEM observation were mounted, ground and polished with 180-600 grit papers 
followed by 6 and 1µm suspended diamond slurry solutions to obtain a mirror finish, unless 
the size of the samples was such that mounting was not necessary. For optical observation 
samples were heat tinted using boiling Murakami’s reagent (100 ml water +10g NaOH + 10g 
K3Fe(CN)6) for 1 minute, staining the ferrite, sigma and carbides phases, but not austenite. In 
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general Murakami’s reagent will stain ferrite various shades of tan, depending on the length of 
immersion and the age of etching, carbides and intermetallics such as sigma stain black, and 
austenite remains white.  This process produced samples where the difference phases were 
stained different colors.  Figure 3.3 shows an example of a polished mount with the ferrite and 
austenite phases identified.  
 
 
Figure 3.3 Tinted sample with Murakami’s reagent. 
 
It is difficult to identify the other intermetallic phase by using this method due to the 
fines scale of the precipitation and the varying colors produced by slight changes in strength 
of the etchant and time when heat tinting the samples. All optical images were taken using an 
Olympus Optical Microscopy DP 21. 
For observation using scanning electron microscopy (SEM) it was found that the phases 
could be distinguished using backscattered electron (BSE) imaging.  Two different instruments 
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were used for the SEM studies, a JEOL 6060 variable pressure SEM equipped with a tungsten 
thermal emitter and an FEI Inspect F50 field emission SEM.  The FEI proved excellent at 
imaging the phases so the heat tinting procedure was only used for initial experiments. 
Quantitative Phase Determination:  Ferrite and other phase percentages were 
determined in three main ways.  These are discussed in turn. 
Magnetic Method: In the first set of experiments samples were tested using a Fisher 
Feritscope FMP30 (Figure 2.15), which was made available by Keokuk Steel Castings, who 
also performed the tests. The methodology used was as follows. Five measurements were 
taken on each sample; roughly the corners of a box plus a location in the center as shown in 
Fig 3.4. These values were subsequently averaged to get an over-all sample average value. 
Once all samples in a series were measured the entire series was repeated.  The Feritscope 
was calibrated before any measurements were done, between each series of measurements, 
and again at the end of testing period. 
 
 
Figure 3.4 Standard mount used for checking ferrite percentage. Typical locations tested as 
indicated. 
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Metallographic Methods – ImageJ:  Since the Feritscope only had the ability to 
measure ferrite percentage, the samples were also examined using metallographic techniques. 
This method was time-consuming but allowed a more complete characterization of phases to 
be determined. The first technique attempted was an automated computer-based method using 
the software ImageJ. In the initial stages of the project optical images were used but later only 
SEM-BSE images were used.  This was for a couple of reasons. First, often the heat-tinting 
used to determine phases did not have enough resolution to enable the software to clearly 
distinguish between phases.  This made using the computer-based software difficult and it was 
felt the numbers were unreliable. Second, once the newer SEM was purchased the quality of 
the images was greatly improved, eliminating the need for the heat-tinting at all. The ImageJ 
results are an average of six optical images at mag 50. The ferrite has been painted to white 
and austenite as black as shown in Fig 2.13. By calculating the percentage of the white /black 
area over the entire image, the phase percentage results are obtained.  
Metallographic Methods - Point-count: In many samples the scale of the microstructure 
was such that for the low magnification images used the computer had a difficult time 
distinguishing between phases in the BSE images [88] and judgments often had to be made as 
to what phase was actually being counted.  
 In these cases a manual method was used where phase percentages were determined 
using a superimposed grid. The manual method allowed the different phases specific phases to 
be distinguished by simple observation.  Many samples contained mixtures of intermetallic 
phases (assumed to be Sigma and either Chi (), Laves, etc., [89-90]) however, for the purposes 
of this study the phases were designated as being either ferrite, austenite, or intermetallic. This 
was done to speed identification and because from a practical standpoint all the intermetallics 
47 
 
that form in duplex steels result in degradation of the mechanical and corrosion properties and 
should be avoided. 
An example image showing a superimposed test grid is shown in Figure 3.5.  Ten 
images were obtained at 200X from each sample to measure ferrite content. In the example 
shown in Fig 3.5, the darker area is ferrite, the grey is austenite, and the white is intermetallic, 
which is primarily sigma phase with possibly a mixture of . A 29 ×21 grid was placed on each 
image examined. Points on the test grid that fell within the microstructural feature of interest 
counted as one point for that phase; points falling on the feature boundaries counted as half a 
point for each phase.  
 
Figure 3.5 Example image showing a superimposed test grid used for the manual method. 
 
Chemical Composition Determination: Energy dispersive spectroscopy (EDS) was used to 
check the composition of a select number of samples used, primarily those samples 
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homogenized in air to see whether any significant changes in composition occurred during heat 
treatment. For each sample analyzed six areas were randomly selected and large area 
composition averages were obtained using EDS. The final composition reported for that 
sample was obtained by taking the average of the six results. A magnification of 200 × and the 
entire field of view of the SEM image were used to get the composition data. All samples were 
polished flat to get the best results, a standards analysis was used, and the spectrometer was 
calibrated using a copper standard before any analysis. Given these conditions the measured 
values are expected to be within ± 5% relative accuracy.  
 
X-ray Diffraction: A limited amount of x-ray diffraction was carried out to verify the suspected 
phases present in the samples. Rather than x-ray every sample only a selected few were chosen 
based on their observed microstructure as examples of the phases that might be expected in 
similar appearing samples.  The x-ray system employed was a Rigaku Smartlab X-ray 
diffractometer. An accelerating voltage of 40 kV and a current of 30 mA were chosen. Start 
and stop angles were 30 and 90 degree. The speed duration time was 10 minutes. 
  
Computer simulations:  The software program Thermo-calc was also used to simulate expected 
equilibrium phases and phase percentages under various conditions. This work was done in 
conjunction with Professor Jiong Wang at South Central University at China. The specific 
Thermo-calc database employed was the TCFE 7 database. 
 
3.2 CD3MWCuN High Cooling Rate Samples 
Initial experiments had shown that the cooling rates selected by the SFSA were too 
slow to prevent significant intermetallic precipitation. Therefore, a series of samples using a 
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much higher cooling rate from the homogenization temperature were produced.  For these 
samples new castings were not produced as had been done in previous experiments. Instead, a 
different keel bar from the same heat of CD3MWCuN as before, 35 × 20 ×180 mm in size, 
was sectioned and used for the experiment. The nominal composition of the as-received bar 
used was shown in Table 3.1. Eight pieces were sectioned out of the keel bar. Fig 3.6 shows 
an example of section piece of keel bar. Samples were encapsulated under an Argon 
atmosphere and to two different homogenization temperatures, 1150°C for 4 hours and 1205°C 
for 4 hours, cooled from the homogenization temperature at four different rates (500°, 750°, 
800°, 1000°C/hr) to 400°C, after which the furnace was powered off and they were allowed to 
air cool to room temperature.  
All the samples were then ground and polished as described in section 3.1. The FEI 
Inspect F50 SEM was used to take BSE-SEM images for phase percentage determination. 
When the microstructure had intermetallic phases present, the manual point-count method as 
described earlier was used to check the phase percentages. However, when the microstructure 
was only two phase, ImageJ was used to calculate phase percentages. 
 
Figure 3.6 Example of section piece out of keel bar. 
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3.3 CD3MWCuN Various Composition Samples 
In order to study the sensitivity of slight composition changes in conjunction with 
cooling rate on determining the ferrite / austenite ratio another series of experiments was 
conducted where the composition of the major alloying additions, namely, Cr, Mo, and Ni, 
were varied from the nominal base composition.  Six different composition steels were 
designed with ±10% Cr, Ni, Mo based on the composition of CD3MWCuN. Two keel bars of 
CD3MWCuN were remelted and major elements added to achieve the six designed 
compositions. Table 4 shows how the designed compositions were achieved by adding major 
elements for each 100 g casting of CD3MWCuN.   
 
Table 3.2 Designed composition by adding major element for each 100 g casting. 
 Cr(g) Ni(g) Mo(g) Fe(g) Cu(g) Si(g) 
+10% Cr 3.3 - - - - - 
+10% Ni - 0.83 - - - - 
+10% Mo - - 0.42 - - - 
-10% Cr - 1.08 0.54 9 0.1 0.1 
-10% Ni 2.95 - 0.44 7.3 0.1 0.1 
-10% Mo 2.82 0.8 - 7.0 0.1 0.1 
 
The compositions of CD3MWCuN (denoted as the base composition) and the other six 
designed steels as produced by the MPC were checked by Optical Emission Spectroscopy and 
the results are listed in Table 3.3 on the next page. The samples were melted by heating to 
1525°C under an argon atmosphere, held for 30 minutes and then cooled to 400°C at 50°C/hr, 
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after which the furnace was powered off and the samples were allowed to cool to room 
temperature. This produced the six solidified cylindrical samples shown in Fig 3.7. Slices 
approximately 4.0 mm thick were then cut from each of the solidified castings. 
 
Table 3.3 Nominal composition of received CD3MWCuN and measured compositions of the 
six designed steels (Major elements). 
Element (%) Cr Cu Fe Mn Ni Mo Si W 
Base 24.74 0.68 61.3 0.42 7.37 3.69 0.73 0.54 
-10% Mo 24.88 0.71 62.22 0.37 7.36 3.07 0.64 0.54 
+10% Mo 24.67 0.67 61.88 0.36 7.17 3.83 0.61 0.61 
-10% Cr 22.41 0.75 63.98 0.36 7.81 3.35 0.60 0.53 
+10% Cr 27.27 0.65 60.12 0.35 6.87 3.31 0.59 0.59 
-10% Ni 24.92 0.71 62.53 0.35 6.54 3.54 0.61 0.55 
+10% Ni 24.26 0.73 61.91 0.38 8.38 3.16 0.59 0.57 
 
 
Figure 3.7 Six solidified samples with various compositions. 
One slice from each of the six different compositions was then selected and the chosen 
slices were encapsulated under an Ar atmosphere for subsequent controlled cooling from the 
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homogenization temperature. This was repeated five more times, producing a total of six 
encapsulations, each containing one slice from each of the six different composition samples.  
These capsules of six slices were then heated to 1150°C and held for four hours to ensure 
homogenization [86]. Once homogenized the capsules were cooled from the homogenization 
temperature at six different rates (10°, 20°, 50°, 100°, 200°, 300°C/hr) to 400°C, after which 
the furnace was powered off and they were allowed to air cool to room temperature. Later 
experiments involved four additional slices that were heated to 1150°C for four hours then 
cooled at 500°, 700°, 850°, 1000°C/hr.  These samples were not encapsulated but the 
homogenization heat treatment was conducted in an Ar atmosphere furnace. Combined, this 
produced a total matrix of 60 different samples, all with different composition and 
homogenization. All the samples were then ground and polished. The FEI Inspect F50 SEM is 
used to take BSE-SEM images to check the phase. The manual point-count method was used 
to check the phase percentages as mentioned in section 3. 
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CHAPTER 4.    RESULTS: SLOW COOLING RATE EXPERIMENTS 
4.1 Results of Slow Cooling from 1250˚C 
Initial experiments carried out were aimed at determining the effect of slow cooling 
rates on the ferrite / austenite ratio.  The cooling rates selected (in consultation with SFSA) 
were 10°, 20°, 50°, 100°, 200°, 300ºC/hr and these rates were applied to both cooling from the 
molten state to near room temperature and cooling from the homogenization temperature to 
near room temperature.  Thus, six different solidification rate castings were initially produced 
from a single keel bar, sectioned, then samples from each rate were homogenized at 1250°C 
for 4 hours then cooled at the same rates from the homogenization temperature.  This produced 
a total matrix of 36 different samples, all ostensibly with the same composition and 
homogenization, varying only in solidification rate and cooling rate from the homogenization 
temperature. 
` 
4.1.1 Microstructures: Homogenized at 1250°C for 4 Hours 
Fig 4.1 shows the optical images of 200°C/hr solidification rate with different 
homogenization cooling rates. At 200° and 300°C/hr cooling rates, the optical images show 
that there are only two phases present. The ferrite (matrix) and austenite (white) are marked in 
Figure 4.1. When the cooling rate drops to 100°C/hr, the intermetallic and ferrite phases are 
mixed together to the point it becomes difficult to distinguish the individual phases.  
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a.                                                                       b. 
  
c.                                                                          d. 
  
e.                                                                          f. 
Figure 4.1 Optical images of 200°C/hr Solidification rate samples (Homogenized at 1250°C) 
stained using Murakami reagent and (a) 10°C/hr, (b) 20°C/hr, (c) 50°C/hr, (d)100°C/hr, (e) 
200°C/hr, (f) 300°C/hr homogenization cooling rate. 
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a.                                                                       b. 
  
c.                                                                          d. 
  
e.                                                                          f. 
Figure 4.2 BSE-SEM images 200°C/hr Solidification cooling rate and (a) 10°C/hr, (b) 
20°C/hr, (c) 50°C/hr, (d) 100°C/hr, (e) 200°C/hr, (f) 300°C/hr homogenization cooling rate. 
 
 
56 
 
 Fig 4.2  shows BSE-SEM images of the different solidification rate samples. At 10°, 
20°, and 50°C/hr solidification cooling rates very little ferrite can be found. When the 
solidification rate increases to 100°C/hr, the ferrite phase is more dominant. At cooling rates 
of 200° and 300°C/hr the main phases were ferrite and austenite.  
Figure 4.3 shows a series of pictures for one solidification rate, namely the sample 
cooled at 200°C/hr from the molten state, as an example of the types of images obtained during 
the course of this study. (The BSE-SEM images of the other five different solidification cooling 
rates with six different homogeneous rates, for a total of 30 images, are shown in Appendix 
A.) Six different images are shown, covering the cooling from the homogenization temperature 
of 1250°C at rates of 10°, 20°, 50°, 100°, 200°, 300ºC/hr as is shown in the matrix displayed 
in Fig 4.3.  
As can be seen from the pictures, intermetallic phases tend to precipitate as the 
homogenization cooling rates decreases. At the slowest cooling rates (10°, 20°, 50ºC/hr) the 
ferrite appears to be almost entirely consumed by intermetallic formation. The scale of the 
intermetallic structure makes it difficult to tell if there is any ferrite remaining between the 
intermetallic laths.   
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Figure 4.3 BSE-SEM images of 200°C/hr Solidification rate (Homogenized at 1250°C) and 
(a) 10°C/hr, (b) 20°C/hr, (c) 50°C/hr, (d) 100°C/hr, (e) 200°C/hr, (f) 300°C/hr 
homogenization cooling rate. 
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4.1.2 Quantitative Measurements: Homogenized at 1250°C for 4 Hours 
As discussed under Section 3.1 the ferrite content was determined in several ways 
initially to determine which method was the most accurate. The results of these measurements 
are presented in turn below. 
Feritscope: Table 4.1 shows the average ferrite percentage measured using the 
Feritscope FMP30 on the samples homogenized at 1250°C for 4 hours. The results seem quite 
consistent, with the higher cooling rates resulting in progressively more and more ferrite. In 
comparison to the observed microstructures coupled with the XRD results the magnetic 
measurements confirm that ferrite is being replaced by non-magnetic phases such as sigma as 
the cooling rate slows. 
 
Table 4.1 Ferrite percentage (%) of CD3MWCuN by Feritscope Homogenized at 1250°C for 
4hr. 
Ferrite percentage (%) of CD3MWCuN (Feritscope) 
Homogenization 
rate (°C/hr) 
Solidification rate (°C/hr) 
300 200 100 50 20 10 
300 52.4±1.8 57.3±1.5 57.9±1.1 56.4±1.0 60.7±0.8 58.2±1.8 
200 51.3±5.2 45.5±5.1 50.3±2.0 62.3±1.5 62.1±1.4 73.9±7.1 
100 55.6±5.0 33.6±10 19.3±5.2 47.3±2.2 21.6±5.2 47.9±7.2 
50 5.0±0.7 6.4±1.7 1.9±0.6 11.2±3.0 9.3±1.5 10±2.0 
20 1.3±0.5 2.3±0.4 1.2±0.4 2.2±0.2 2.8±0.3 8.0±1.6 
10 1.9±0.3 1.4±0.4 1.9±0.2 2.3±0.3 2.3±0.2 2.7±0.8 
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ImageJ: It is clear from observation of the optical and SEM mages that the 
microstructure consists of a mixture of ferrite, austenite and intermetallic phases.  Since the 
Feritscope will only measure the percentage of ferromagnetic material (i.e. ferrite) the same 
samples were also analyzed using ImageJ in an attempt to arrive at the true ferrite / austenite 
ratio.  These results are shown in Table 4.2 for the samples homogenized at 1250˚C. Note that 
all of these results were obtained using optical images of the sample. It is clear that in this 
instance the results when comparing the Feritscope to Image J a considerable amount of 
uncertainty results. For example, at 200°C/hr homogenization rate and 10°C/hr solidification 
rate, the Feritscope result gives 73.9% of ferrite, which would imply that austenite + 
intermetallic should be 26.9%.   
However, the ImageJ analysis gives 31.8% austenite, showing that either one technique 
has an uncertainty of approximately 4-5% or perhaps both have uncertainties of 2-3%. It is 
suspected that the optical heat tint method seems to not possess enough resolution (at least as 
practiced by the author) to allow the computer to distinguish between the ferrite and 
intermetallic phases since the scale of the precipitation is small and lamellar in formation.  
However, the ImageJ method should be able to provide a measurement of austenite, which acts 
as a complement to the ferrite-only measurement provided by the Feritscope. It is noted that 
the ImageJ method is not accurate to measure ferrite content when there is intermetallic phase 
formed.  
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Table 4.2 Austenite percentage (%) of CD3MWCuN homogenized at 1250°C by ImageJ. 
Austenite percentage (%) of CD3MWCuN (Optical microscope) 
Homogenization 
rate (°C/hr) 
Solidification rate(°C/hr) 
300 200 100 50 20 10 
300 47.3±0.8 34.1±0.9 48.3±1.2 37±2.5 47±1.3 42.7±2.3 
200 39.7±1.3 40±1.3 34.7±2.3 38±2.3 37.3±0.8 31.8±1.3 
100 34.1±1.5 36.5±2.3 53.1±1.8 40±1.5 32±0.9 40±0.8 
50 76.6±2.1 57.3±2.5 59.8±1.3 56±2.1 55.1±2.3 54.4±1.1 
20 76.5±0.8 60±1.3 71.4±0.8 66.9±1.3 68.6±1.6 79.1±2.1 
10 43.8±0.7 40±1.5 47.3±1.5 33.7±1.5 49±1.8 38.8±0.9 
 
 
Point-count method: In order to verify whether the Image J + Feritscope results give an 
accurate picture of the ferrite / austenite ratio the manual point-count method was used and the 
results are shown in Table 4.3. Based on a close study of the SEM images, the ferrite, austenite 
and intermetallic percentages were obtained using the method described in section 3.1. The 
uncertainty associated with the measurements of Table 4.3 is less than ± 4%. The result shows 
that the ferrite content increases with the increase of homogenization cooling rates. The 
solidification cooling rate seems that does not influence the final ferrite content much. In 
addition, the ferrite content is less than 15% when the homogenization cooling rate is lower 
than 100°C/hr. 
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Table 4.3 Phase percentage (%) of CD3MWCuN homogenized at 1250°C, 4 hrs. (Ferrite: δ, Austenite: γ, Intermetallic: I ) 
Homogeni- 
zation 
cooling 
rate 
Solidification cooling rate (ºC/hr) 
10° 20° 50° 100° 200° 300° 
δ γ I δ γ I δ γ I δ γ I δ γ I δ γ I 
10ºC/hr 1.5 56.4 42.1 1.1 51.6 47.3 3.1 49.9 47 1.2 51.7 47.1 2.8 35.2 62 2.1 39.9 58 
20ºC/hr 5.2 55.6 39.2 3.2 51.7 45.1 4.5 51.5 44 4.2 50.6 45.2 5.7 55.2 39.1 4.9 53.1 42 
50ºC/hr 12.1 49.7 38.2 7.8 52.1 40.1 7.8 47.2 45 8.5 53.4 38.1 8.7 51.8 39.5 7.5 53.5 39 
100ºC/hr 32 43.7 24.3 25.1 49.8 25.1 37.5 42.2 20.3 32.5 45.4 22.1 27.5 51.3 21.2 35.2 46.5 18.3 
200ºC/hr 48.1 51 0.9 42.3 57.1 0.6 45 54.3 0.7 48.7 50.2 1.1 44 55.2 0.8 48.9 50.2 0.9 
300ºC/hr 57.2 42.5 0.3 51.2 48.4 0.4 52 47.5 0.5 56.1 43.7 0.2 62.1 37.9 0 61.1 38.4 0.5 
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4.1.3 Comparison of Quantitation Methods 
A comparison of results obtained for the three techniques used is shown in Table 4.4 
for a 1250°C homogenization sample. For this comparison a single solidification rate, namely, 
the 200°C/hr solidification rate, is illustrated to save space. However, the trends observed in 
this sample were similar for the other solidification rates. 
 
Table 4.4 Comparison between Point-count, Feritscope, and Image-J results for 200°C/hr 
solidification rate sample cooled from 1250°C at various rates. 
Homoge
nization 
rates  
(°C/hr) 
200°C/hr solidification rate (First trial) 
Ferrite 
(vol %) 
Austenite 
(vol %) 
Intermetallic 
(vol %) 
Intermetallic + 
Ferrite (vol %) 
Point-
count 
Feritsco-
pe 
Point-
count 
Image-J Point-count 
Point-
count 
Image-J 
10 2.8±0.6 1.4±0.4 35.2 40 62 64.8 60 
20 5.7±1.2 2.3±0.4 55.2 60 39.1 44.8 40 
50 8.7±0.9 6.4±1.7 51.8 57.3 39.5 48.2 42.7 
100 27.5±1.2 33.6±10 41.3 36.5 31.2 58.7 63.5 
200 44±2.5 45.5±5.1 55.2 40 0.8 44.8 60 
300 62.1±1.7 57.3±1.5 37.9 35 0 62.1 65 
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Note that variations exist in results depending upon the method used. While the 
majority of the values relate fairly well (within a few percentage points), in any sample notable 
exceptions could be found. For example, in Table 8 the 200°C/hr cooling rate from the 
homogenization temperature showed significant variations between point count and ImageJ 
but excellent agreement between the Feritscope and Point-count.  
Fig 4.4 shows the ferrite percentage results by the point-count and Feritscope methods. 
(ImageJ results are not shown since it was used to measure austenite). While both methods 
show a trend of ferrite percentage increasing with increasing rate of cooling from the 
homogenization temperature, the Feritscope results vary considerably in comparison to the 
point-count results. The highest deviations noted between samples was seen for the 100°C/hr 
cooling from the homogenization temperature. This was on the order of 10% for the point-
count results but over 35% difference for the Feritscope.  
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Figure 4.4 (a) Point-count and (b) Feritscope results of first trial as a function of 
solidification and homogenization cooling rates. 
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Given that the most consistent results were produced using the point-count method 
subsequent plots only use point-count data.  Thus, Figures 4.5 - 4.7 show the phase content 
results as determined by point-point in both 2-dimensional and 3-dimensional plots for all the 
samples examined in the slow cooling rate experiments for samples homogenized at 1250˚C 
for 4 hours. A clear trend of ferrite content increasing with increasing rate of cooling from the 
homogenization temperature is shown (Fig 4.5). Cooling rate through the solidification 
temperature appears to have a slight effect on ferrite content, again with the higher cooling 
rates producing a higher amount of ferrite in the final structure, although this effect is weak 
and quickly lost as homogenization cooling rate decreases. 
 
    
 a. b. 
Figure 4.5 a) 2-dimensional and b) 3-dimensional plots of ferrite content as a result of 
solidification rate and cooling from the homogenization temperature (1250°C for 4 hours). 
 
Intermetallic content increases as the cooling rate from the homogenization 
temperature slows (Fig 4.6). As intermetallic formation primarily occurs via nucleation and 
growth in the ferrite this is not surprising since you would expect intermetallic to rise as ferrite 
content falls.  
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a.                                                              b. 
Figure 4.6 a) 2-dimensional and b) 3-dimensional plots of intermetallic content as a result of 
solidification rate and cooling from the homogenizat  ion temperature. 
 
Austenite content remains relatively consistent even though there are variations across 
the entire sample space (Fig 4.7).  Slight drops are seen at the very high cooling rates (where 
ferrite was seen to be favored) and at the intermediate cooling rate from homogenization of ≈ 
100°C/hr. 
  
a.                                                                 b. 
Figure 4.7 a) 2-dimensional and b) 3-dimensional plots of austenite content as a result of 
solidification rate and cooling rate from the homogenization temperature. 
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Another observation that can be made from Figure 4.7a is that the effect of 
solidification cooling rate seems to be minimal in comparison to the scatter that is seen between 
the two techniques and even in the samples themselves.  Plotted curves cross frequently and 
apparently at random, with no clear trend seen based on solidification rate. This would indicate 
that the error associated with individual sample measurements is equal to or greater than 
variations that exist due to the different solidification rates.  Thus, it appears that 
homogenization treatment has been effective at erasing any pre-existing cast structure so that 
the effect of solidification rate can be neglected. 
 
4.2 Results of Slow Cooling from 1150˚C for 30 minutes 
Discussions with the SFSA after initial experimental results raised a number of 
questions.  These included the following: 
1. While 1250°C for 4 hours appears effective at erasing solidification effects, that heat 
treatment is costly for member SFSA companies to use. What differences would exist if a more 
conventional 1150°C for 30 minutes treatment was used? 
2. Is it possible that encapsulating the samples changed the results that might be expected in 
industry, which heat treats in air? Could the composition be changing by heat treatment in air 
(or in Ar)? 
3. It is assumed that the intermetallic that forms is sigma. Is this true? 
In order to answer these questions the second series of experiments conducted as 
described in section 3.1 Experimental Procedure, used a lower heat treatment temperature of 
1150°C for only 30 minutes, and was conducted without the benefit of a protective 
environment. For this experiment only two solidification rates were selected.  This was because 
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the initial experiment had shown that solidification rate played a negligible role in the final 
microstructure.  By choosing widely separated rates, namely, 50°C/hr and 200°C/hr, a wide 
range of initial solidification microstructures could be tested without repeating the large initial 
matrix of samples. Composition was monitored using EDS, and microstructures were obtained 
and phase percentages measured.   
 
4.2.1 Microstructures: Homogenized at 1150°C for 30 minutes 
Fig 4.8 shows the BSE-SEM images of the second trial (homogenization at 1150°C for 
30 minutes). At very slow cooling rates (10°, 20°, 50°C/hr), the austenite and intermetallic 
phases are the main phase. Ferrite almost cannot be found. When the cooling rate increases to 
100°C/hr, a small amount of ferrite can be clearly seen. At 200°, 300°C/hr, other than ferrite 
and austenite (two main phase), the intermetallic phase can be found which is different from 
those at higher homogenization temperature.  
 
  
a.                                                                       b. 
Figure 4.8 BSE-SEM images of 200°C/hr Solidification rate (homogenization at 
1150°C for 0.5 hour) and homogenization cooling rate of (a) 10°C/hr, (b) 20°C/hr 
  
68 
 
 
  
c.                                                                          d. 
  
e.                                                                          f. 
 
Figure 4.8. (continued) (c) 50°C/hr, (d) 100°C/hr, (e) 200°C/hr, (f) 300°C/hr. 
 
4.2.2 X-ray Diffraction Analysis: Homogenized at 1150°C for 30 minutes 
X-ray diffraction (XRD) was used to determine the major type of intermetallic forming. 
Studies were carried out on samples cooled from the solidification temperature at a rate of 
200°C/hr, as it was assumed that these results would be applicable to the entire range of 
samples. This assumption was based on the fact that the microstructures observed in the 
200°C/hr solidification rate set of samples appeared to contain all of the phases present in the 
remaining samples, and therefore were representative of all the samples, except for the relative 
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amounts present. The results obtained are shown in Figure 4.9. The intermetallic phase is found 
to be sigma phase.  
  
 
  
  
Figure 4.9 XRD Results of second trial 200°C/hr solidification rate with six different 
homogenization cooling rate (a) 10°C/hr, (b) 20°C/hr, (c) 50°C/hr, (d) 100°C/hr, (e) 
200°C/hr, (f) 300°C/hr. 
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When using XRD phase percentages of less than five percent are often difficult to 
detect, especially in Fe based systems.  It is clear by simple observation of Figures 4.8 a-c that 
the 200°C/hr solidification set has significant intermetallic phases present at the lower 
homogenization cooling rates and this is mirrored in the XRD data of Figure 4.9 a-c.  The 10°, 
20° and 50°C/hr samples have large peaks that can be identified as belonging to the sigma 
phase apart from those peaks associated with ferrite and austenite.  This is especially true when 
compared to the higher rate samples.  Studies have suggested that the initial intermetallic that 
forms in highly alloyed steels is Chi, quickly changing to the more stable sigma phase in a 
relative short period of time [91].  It would seem that the slower cooling rates allow this change 
to occur.  From a mechanical properties and corrosion standpoint both sigma and chi are 
detrimental, lowering fracture strength and pulling Cr and Mo from the matrix.  Both chi and 
sigma grow at the expense of ferrite [92]. 
As seen in the images (Fig 4.8) the matrix for all samples consists of a mixture of ferrite 
plus austenite, with the amount of intermetallic starting to increase substantially once the 
cooling rate from the homogenization temperature drops below 200°C/hr. The ferrite appears 
to be consumed by the intermetallic formation with larger amounts of intermetallic appearing 
the slower the cooling rate. The exact amounts present at these slow rates were determined and 
the results are presented in the next section. 
A side-by-side comparison of selected microstructures heat treated at 1250°C vs 
1150°C is shown in Figure 4.10. It is evident that at the higher homogenization temperature 
little or no intermetallic phase is present. However, in the 1150°C samples intermetallic is seen 
even in the higher cooling rate of 300°C/hr. Another observation is that the little intermetallic 
that does exist after the 1250°C - 200°C/hr cooling treatment is distributed homogeneously 
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across the sample.  This is in contrast to the intermetallic formation seen in the 1150°C samples 
cooled at either 200°C/hr or 300°C/hr, which is clearly inhomogeneous. This suggests that 
segregation still exists at the lower homogenization temperature, as predicted by Dupont, 
facilitating rapid precipitation of the intermetallic.  
 
  
a.                                                                       b. 
  
c.                                                                          d. 
Figure 4.10 (a) 300°C/hr homogenization cooling rate after 1250°C for 4h, (b) 300°C/hr 
homogenization cooling rate after 1150°C for 4h, (c) 200°C/hr homogenization cooling rate 
after 1250°C for 4h (d) 200°C/hr homogenization cooling rate after 1150°C for 4h. 
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4.2.3 Composition Determination  
Compositions of selected samples of the 1150°C, 30 min. homogenization samples 
were monitored at various stages of the process using quantitative energy dispersive 
spectroscopy (EDS) in the SEM. Composition of these samples were chosen because there was 
some concern that the in-air heat treatments used by industry might result in significant 
differences in composition from the samples encapsulated in Ar before heat treatment.  While 
EDS does not give a complete look at all of the alloying additions in the sample it does give a 
snapshot of the major additions as a way to see if significant changes are taking place, and had 
the additional advantage of being immediately available for use.  The compositions measured 
using EDS are listed below in Table 4.5. 
 
Table 4.5 Average compositions measured at different stages of the process. For the major 
elements (Fe, Cr, Ni, Mo, Si, Mn), the variance of the number is within 5%. 
Sample 
Elements (wt.%) 
Fe Cr Ni Mo Si Mn 
Keel Bar(Company) 60.40 25.08 7.69 3.65 0.82 0.55 
Keel Bar (ISU-EDS) 60.98 25.53 7.11 3.0 0.8 0.56 
Remelt 59.67 25.50 7.12 3.4 0.6 0.56 
As-Homogenized at 
1150°C for 0.5 hr 
60.23 25.67 7.32 3.25 0.7 0.55 
 
The recorded composition values are an average obtained from six, low magnification 
area scans on each sample. Compositions using EDS were obtained from the as-delivered keel 
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bar, the remelted bars produced by the MPC that were solidified at different rates, and the as-
homogenized in air samples. It can be seen that the compositions are all essentially identical 
within the accuracy of the technique used.  Therefore, it is believed that no significant 
composition changes occur between the two heat treatments used in this study. 
 
4.2.4 Quantitative Measurements: Homogenized at 1150°C for 30 Minutes   
 Tables 4.6 and 4.7 shows the results of quantitative phase determination for the 200° 
and 50°C/hr solidification rate samples using the point-count and ImageJ methods.  The 
Feritscope was not available for use for this experiment; this was not considered a problem 
since the initial experiment had shown more consistent results were produced with the point-
count method.  The trends seen are similar to those seen for the higher homogenization 
temperature, long time heat treatments.   
Table 4.6 Point-count and Image-J results of 200°C/hr solidification rate 1150 30 minutes. 
Homogenizati
on Cooling 
Rates 
(°C/hr) 
200°C/hr solidification rate (Second trial) 
Ferrite  
(vol %) 
Austenite 
(vol %) 
Intermetallic 
(vol%) 
Intermetallic+ferrite 
(vol %) 
Point-count 
Point-
count 
Image-J Point-count 
Point-
count 
Image-J 
10 6.3±1.5 55.6±1.2 57.5±3.4 38.1±2.5 44.4±2.4 42.5±2.5 
20 10.5±2.1 50.5±1.9 55±2.5 39±3.1 49.5±3.2 45±4.2 
50 13±1.4 39±1.8 52.3±5.1 48±3.5 52±3.1 47.2±3.9 
100 15.2±3.2 49.5±2.6 56±4.1 35.3±2.5 50.5±2.1 44±2.5 
200 40.9±3.4 52.2±1.9 57.4±3.9 6.9±1.2 47.8±2.6 42.6±3.1 
300 53.7±2.5 45.4±3.1 42.1±2.8 0.9±0.4 54.6±3.4 57.9±3.6 
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Table 4.7 Point-count and Image-J results of 50°C/hr solidification rate. 
Homogenizati
on Cooling 
Rates 
(°C/hr) 
50°C/hr solidification rate (Second trial) 
Ferrite 
(vol. %) 
Austenite (vol. %) 
Intermetalli
c (vol. %) 
Intermetallic+fer-rite 
(vol. %) 
Point-
count 
Point-count Image-J Point-count 
Point-
count 
Image-J 
10 3.1±1.1 52.1±2.6 49.3±3.6 44.8±2.1 47.9±1.2 50.7±2.3 
20 5.6±1.5 48.2±3.7 43.5±2.5 46.2±1.2 51.8±2.4 56.5±3.9 
50 12.3±2.1 45.1±2.8 57.3±3.5 42.6±4.8 54.9±3.1 42.7±1.5 
100 35.4±1.9 37.5±3.6 46.5±3.7 27.1±2.6 62.5±2.1 53.5±3.5 
200 47.2±2.5 47.1±2.1 37.9±4.6 5.7±1.2 52.9±2.6 62.1±3.1 
300 57.2±3.1 42.3±1.8 43±4.1 0.5±0.3 57.7±1.6 57±2.1 
 
 
4.2.5 Comparison of Homogenization Temperatures 
Fig 4.11 shows comparisons of percentage ferrite for the first and second experiments 
for (a) 50°C/hr and (b) 200°C/hr solidification rate by using the point-count methods. Little 
difference is seen between trials for the slower solidification cooling rate sample (50°C/hr); 
the first trial result is consistent with the second one. For the 200°C/hr solidification rate, the 
first trial result has slight differences with the second one, especially in 100°C/hr 
homogenization rate. 
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a.                                                                       b. 
 
Figure 4.11 Comparison of ferrite percentage by point-count results of first and second trial 
experiment (a) 50°C/hr and (b) 200°C/hr solidification rate. 
 
Table 4.8 shows a side-by-side comparison of the quantitative results obtained for the 
two trials. It clearly shows that at higher homogenization temperature a higher ferrite content 
and little or no intermetallic phase is found in comparison to the lower homogenization 
temperature samples. The effect of producing a more completely homogenized structure is also 
evident in the reduced amount of intermetallic seen at the lower 200°C/hr cooling rate. The 
error bar for the table is less than 4% which is not listed in the table. The ferrite content 
increases with the increase of homogenization cooling rate and there is not big difference on 
the ferrite content at different solidification cooling rates. 
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Table 4.8 Phase percentage (%) of CD3MWCuN (Ferrite: δ, Austenite: γ, Intermetallic: I ). 
Homogen- 
zation rate 
(°C/hr) 
Solidification rate 50°C/hr Solidification rate 200°C/hr 
1250°C for 4hrs 1150°C for 4hrs 1250°C for 4hrs Second for 4hrs 
α γ I α γ I α γ I α γ I 
10 3.1 49.9 47 3.2 52.1 44.7 2.8 55.2 42 6.3 55.6 38.1 
20 4.5 51.5 44 5.6 48.2 46.2 5.7 55.2 39.1 10.5 50.5 39 
50 7.8 47.2 45 12.3 45.1 42.6 8.7 51.8 39.5 13 39 48 
100 37.5 42.2 20.3 35.4 37.5 27.1 27.5 51.3 21.2 15.2 49.5 35.3 
200 45 54.3 0.7 47.2 47.1 5.7 44 55.2 0.8 40.9 52.2 6.9 
300 52 47.5 0.5 57.2 42.3 0.5 62.1 37.9 0 53.7 45.4 0.9 
 
 
4.3 Discussion: Slow cooling rates 
 
4.3.1 Effect of Solidification Cooling Rate 
Fig 4.12 shows the Fe-Cr-Ni pseudo-binary diagram at 60% Fe section. According to 
the diagram, the solidification order for CD3MWCuN is: 
 
L → δ + L → δ → δ + γ → δ + γ + σ. 
 
It is known that solidification cooling rates and alloy composition have a profound effect on 
the microstructure and ferrite content of stainless steels [93], and that the microstructure can 
range from a duplex structure of ferrite and austenite to fully austenitic or ferritic for a wide 
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variety of stainless steels depending on cooling rates. It is also known that sigma phase 
formation can occur at slower solidification cooling rates [94].  
 
 
Figure 4.12 Fe-Cr-Ni pseudo-binary diagram at 60% Fe [94]. 
 
The ferrite content after solidification was not measured in this paper since the cast 
alloy studied is always homogenized before use.  This is necessary to completely dissolve any 
sigma phase that may have formed upon cooling and to produce homogenization of the Mo, 
which can be difficult [95].  
The residual effect of solidification rate can be deduced by observation of Figures 4.5-
4.7.  At any given cooling rate from the homogenization temperature a faster solidification rate 
will promote a higher percentage of ferrite in the casting. The effect is fairly slight, probably 
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due to the effectiveness of the homogenization process.  At the higher initial solidification rates 
where more ferrite is expected to be retained, the slowest cooling rate from the homogenization 
temperature can result in an overall increase in the amount of intermetallic observed in the 
final conditions. If the initial casting had been cooled more slowly to give a higher initial 
austenite percentage, there would be less ferrite to decompose into intermetallic + austenite. 
Evidence of this is shown in Figure 4.6 for the 200° and 300°C/hr solidification rate samples 
which have the highest intermetallic present after the slowest cooling rate 
4.3.2 Effect of Homogenization Treatment 
At the highest cooling rates the desired 50/50 mixture for this alloy composition is 
slightly ferrite rich, ranging up to 60% ferrite at the highest rate of 300°C/hr.  Measurements 
show there is less than 1.2% of sigma phase found in the alloy at the highest cooling rates 
(200° and 300°C/hr), regardless of how much was present initially due to a slow solidification 
rate, attesting to the efficiency of the high temperature, long time homogenization treatment.   
SEM-BSE images reveal that at slower cooling rates intermetallic formation occurs at 
the expense of ferrite. This is in agreement with studies that show cooling rates from the 
homogenization temperature can result in intermetallic formation occurring in duplex and 
superaustenitic steels after relatively short times, primarily on the grain boundaries initially 
[96], greatly affecting the fracture toughness of castings [97]. Ferrite percentage becomes 
extremely low at the slowest cooling rates (Table 4.3) on the order of a few percent. These low 
amounts are consistent with Feritscope measurements also. At the lowest rates used in this 
study thermodynamic equilibrium is more likely. Phase transformations for the four slowest 
cooling rates produce large scale intermetallic formation. In this paper, sigma phase is the 
primary intermetallic phase formed which is consistent with previous work [91-92]. 
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At the intermediate cooling rates the equilibrium amount of ferrite decreases and 
existing -ferrite is consumed, transforming to intermetallics + new austenite.  This should 
result in an overall slight increase in the amount of austenite.  It is somewhat surprising, then, 
to see a slight dip in austenite percent at intermediate cooling rates (50-100°C/hr), on the order 
of 5 vol %. Given that the error in measurements is estimated to be ± 4 vol % it is most plausible 
that this dip is primarily due to measurement uncertainty. However, at these lower cooling 
rates the alloy spends a significant amount of time at lower temperatures where the phase 
diagram is extremely complex [98]. It is possible that this dip is due to changes in equilibrium 
between the phases. At this time it is impossible to determine the exact cause for this dip by 
examining the data of this study. 
At the highest rates (greater than 200°C/hr) the ferrite / austenite balance is determined 
by the CCT and TTT curves [99].  At these cooling rates the ferrite percentage is higher than 
40%, which is a typical number for duplex stainless steels [100]. The ferrite percentage ranges 
from 42% to 49% for the 200°C/hr homogenization cooling rate and from 50% to 60% at the 
higher 300°C/hr rate. 
It is also noticed that whether encapsulated or not it didn’t seem to make a big 
difference on the final ferrite content in comparison with the data of the two trials.  
 
4.3.3 Measurement Methods 
Various methods were used to determine phase percentages with each method. For each 
method the variation of the results between measurements was typically within 5%, and each 
method had certain advantages and disadvantages. The optical method of ImageJ, where the 
entire matrix (black) is analyzed in relation to the austenite (white), is fast and fairly easy but 
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was only useful when the sample had very low intermetallic phase percentages. As fine-scale 
precipitation occurred ImageJ had a difficult time with the more complex microstructure.  The 
Feritscope method was an extremely fast and easy method for determining ferrite content, 
however, it does not give any information as to what the remainder of the sample is, whether 
austenite or intermetallic.  Chief sources of error when using a Feritscope are related to surface 
finish, which affects probe lift-off, non-calibration of the instrument, and operator differences 
[101]. However, in this study all samples were polished to a high degree, the instrument was 
continually recalibrated and checked, the operator was the same for all measurements, and 
measurement of the entire sample series was repeated after a time period yet the exact same 
results were seen.  Thus, the slightly low readings are not believed due to any instrumental 
difficulties. Since most of the differences seen are associated with those samples that contained 
significant amounts of intermetallic phases, it is assumed that the interaction of these phases 
with the surrounding ferrite affects the quality of the magnetic signal. When taking the data 
the Feritscope readings had large variations, which were as high as 10%.  
The point-count method gave very good, consistent results with the lowest amount of 
variation.  It also enabled differentiation between phases in a very fine-scale microstructure 
and had the potential to separate out different types of intermetallic if this had been desired.  
However, the method requires a considerable amount of time. 
The type of intermetallic forming was investigated using x-ray diffraction (XRD). 
Studies were carried out on the second set of experimental samples cooled from the 
solidification temperature at a rate of 200°C/hr and the results are shown in Figure 4.11.  When 
using XRD phase percentages of less than five percent are often difficult to detect, especially 
in Fe based systems.  It is clear by simple observation of Figure 4.10 that the 20° and 50° C/hr 
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samples have large amounts of sigma peaks apart from ferrite and austenite, especially when 
compared to the other higher and lower rate samples.  Studies have suggested that the initial 
intermetallic that forms in highly alloyed steels is Chi, quickly changing to the more stable 
sigma phase in a relative short period of time [88].  From a mechanical properties and corrosion 
standpoint both are detrimental, lowering fracture strength and pulling Cr and Mo from the 
matrix.  Both Chi and Sigma grow at the expense of ferrite [89]. The XRD results confirm that 
sigma is the phase that is present in the largest amount. 
 
4.4 Conclusions 
From the results of this study we can draw the following conclusions for samples cooled 
relatively slowly from the homogenization treatments used: 
(1) The 1250°C for 4 hr homogenization heat treatment used, based on the recommendation 
of Dupont did an excellent job at producing an homogenous structure.  When homogenized 
in this manner less than 4% differences were seen in the ferrite / austenite ratio, regardless 
of cooling rate through the solidification temperature. Homogenizing at 1150°C for shorter 
times can yield satisfactory results if cooling from the homogenization temperatures is kept 
300°C/hr or greater. 
(2) A higher homogenization temperature gives a higher starting ferrite content, less 
intermetallic left from the initial casting, and a more uniform composition as a starting 
microstructure. A higher cooling rate from the homogenization temperature gives a higher 
final ferrite content.  
(3) The homogenization temperature routinely used by industry can be expected to contain 
significant amounts of intermetallic formation if the cooling rate is less than 200°C/hr. The 
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predominant intermetallic phase is sigma and it forms at the expense of the ferrite phase. 
Significant amounts (20-50 vol. %) will form at cooling rates slower than 100°C/hr. 
(4) The point-count method of quantification gave the best, most consistent quantitative 
answers but requires the most time and effort. 
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CHAPTER 5.    RESULTS: EFFECT OF RAPID COOLING AT DIFFERENT 
HOMOGENIZATION TEMPERATURES 
5.1 Results 
To summarize the results of initial experiments conducted on the effect of 
homogenization temperature and cooling rate from that temperature, the following observation 
can be made: 
1. Higher Temperatures and longer times (1250°C, 4 hours) can effectively 
homogenize solidification microstructures. 
2. Lower temperatures and shorter times (1150°C, 30 minutes) are less effective and 
will result in more rapid precipitation during slow cooling from the homogenization 
temperature. 
Given these results the next series of experiments investigated the effect of rapid 
cooling rates from the homogenization temperature on the microstructure and the resulting 
ferrite / austenite ratio. For these experiments CD3MWCuN was homogenized at two different 
temperatures, 1150°C and 1205°C for 4 hours then cooled at the varying rates of 500°C/hr, 
750°C/hr, 850°C/hr and 1000°C/hr. In order to understand how the homogenization 
temperature influence the ferrite content, the CD3MWCuN was homogenized at three different 
temperatures 1000°C , 1050°C, 1100°C, 1150°C, 1205°C and 1250°C for 4 hours following 
water quenching and air cool. The homogenization heat treatments were selected as a 
compromise between what industry currently uses and what is necessary to produce a truly 
homogenous starting structure 
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5.1.1 Microstructures 
Fig 5.1 shows the BSE-SEM images of CD3MWCuN homogenized at 1150°C for 4 
hours with different homogenization cooling rate. The results are shown in Figure 38. When 
the cooling rate is 500°C/hr, an appreciable amount of intermetallic phase is present at the 
ferrite / austenite boundaries. As cooling rate increases the amount of intermetallic decreases, 
indicating it is most likely formed by precipitation rather than still being present form the initial 
casting. At the highest rate studied a small amount of intermetallic is still present. These images 
should be compared to those of Figure 5.2, which shows the BSE-SEM images of 
CD3MWCuN homogenized at 1205°C for 4 hours then cooled at the four selected cooling 
rates. It is evident that the higher homogenization temperature has reduced the amount of 
intermetallic but also has produced a significant change in the ferrite / austenite ratio. 
 
  
                                      a.                                                                      b. 
Figure 5.1 BSE-SEM images of CD3MWCuN homogenized at 1150°C for 4 hours with 
different cooling rates (a). 500°C/hr, (b). 750°C/hr. 
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                                      c.                                                                      d. 
Figure 5.1. (continued) (c). 850°C/hr, (d). 1000°C/hr. 
 
  
a. b. 
Figure 5.2 BSE-SEM images of CD3MWCuN homogenized at 1205°C with different cooling 
rates (a). 500°C/hr, (b). 750°C/hr. 
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                                      c.                                                                      d. 
Figure 5.2. (continued) (c). 850°C/hr (d). 1000°C/hr. 
 
The results of Figure 5.2 are consistent with thermodynamic considerations.  Figure 5.3 
shows a Thermo-calc simulation plot of phases expected under equilibrium conditions for 
CD3MWCuN. The austenite phase starts to precipitate around 1200°C as the Thermo-calc 
showed. To examine what microstructure may exist at these elevated temperatures twelve 
samples were homogenized at 1000°C, 1050°C, 1100°C, 1150°C, 1205°C and 1250°C for 4 
hours then cooled rapidly, by water quenching and air cooling.  The microstructures produced 
in this case are shown in Figure 5.4.  It is evident that this temperature has successfully 
homogenized the starting structure as no intermetallic is visible. It is equally evident that the 
predicted near 50 / 50 ratio is incorrect.   
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Figure 5.3 Thermo-calc simulation of phase transformation of CD3MWCuN.  
   
a. b. 
Figure 5.4 BSE-SEM images of CD3MWCuN homogenized for 4 hours followed by rapid 
cooling, respectively for (a) 1000˚C, air-cooled; (b) 1000˚C, water-quenched 
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                                      c.                                                                      d.  
   
                                      e.                                                                      f. 
  
                                      g.                                                                      h. 
Figure 5.4. (continued) (c) 1050°C, air-cooled; (d) 1050°C, water-quenched; and (e) 1100˚C, 
air-cooled; (f) 1100˚C, water-quenched (g) 1150˚C, air-cooled; (h) 1150˚C, water-quenched; 
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                                     i.                                                                      j.  
  
                                      k.                                                                      l. 
 
 
Figure 5.4. (continued) (i) 1205°C, air-cooled; (j) 1205°C, water-quenched; and (j) 1250˚C, 
air-cooled; (k) 1250˚C, water-quenched. 
 
Fig 5.4 shows that at an homogenization temperature of 1000°C followed by water 
quenching and air cool a small amount of intermetallic phase formed. At the other 
homogenization temperatures no intermetallic is seen. The figures show that the 
microstructures of the air cooled and water quenched are similar and the microstructure 
changes significantly as the homogenization temperature increases to 1205°C and 1250°C .  
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5.1.2 Quantitative Measurements 
Table 5.1 and 5.2 show the phase percentage results of the different homogenization 
temperatures used as a function of different rapid cooling rates. The phase content result is the 
average of BSE-SEM images taken from ten different areas on each sample. Fig 5.5 shows a 
plot of the data from Table 5.1for the two temperatures where different cooling rates were used. 
The result shows the ferrite content increases significantly as the homogenization temperature 
increases from 1150°C to 1205°C. 
 
Table 5.1 Phase percentage of rapid homogenization cooling rate at different homogenization 
temperature (°C).  
Cooling 
rates 
 
Ferrite (α) vol.% Austenite (γ) vol.% Intermetallic (I) vol.% 
1150°
C 
1205°
C 
1250°
C 
1150°
C 
1205°
C 
1250°
C 
1150°
C 
1205°
C 
1250°
C 
500°C/hr 
48.2±
2.1 
75.1±
2.4 
- 
47.7±
1.6 
24.8±
2.3 
- 
4.1± 
1.3 
0.1 - 
750°C/hr 
51.4±
1.5 
78±3.
1 
- 
48.1±
2.3 
21.9±
1.7 
- 
0.5± 
0.1 
0.1 - 
850°C/hr 
52.1±
2.6 
79±1.
6 
- 
47.6±
3.1 
20.9±
1.8 
- 
0.3± 
0.2 
0.1 - 
1000°C/hr 
53.8±
2.6 
80.9±
1.5 
- 
46.1±
2.8 
19±3.
1 
- 0.1 0.1 - 
Air cool 
54.5±
3.1 
81.5±
2.5 
95.8±
1.4 
45.5±
2.4 
18.5±
1.9 
4.2±2.
1 
0 0 0 
Water 
quench 
54.2±
1.8 
82±3.
1 
95.5±
2.0 
45.8±
1.9 
18± 
3.3 
4.5±1.
2 
0 0 0 
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Table 5.2 Phase percentage of rapid homogenization cooling rate at different homogenization 
temperature (°C).  
Cooling 
rates 
 
Ferrite (α) vol.% Austenite (γ) vol.% Intermetallic (I) vol.% 
1000°
C 
1050°
C 
1100°
C 
1000°
C 
1050°
C 
1100°
C 
1000°
C 
1050°
C 
1100°
C 
Air cool 
46.8±
2.3 
48.5±
1.5 
50.5±
1.4 
52.8±
1.8 
51.5±
1.9 
49.5±
2.1 
0.4 0 0 
Water 
quench 
47.2±
1.8 
48.3±
1.8 
50.1±
2.5 
52.7±
1.9 
51.7± 
2.3 
49.9±
3.1 
0.1 0 0 
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                                      a.                                                                      b. 
Figure 5.5 (a) Ferrite and (b) Austenite volume percentage (vol. %) at different 
homogenization temperature and cooling rates (Lineal Fit). 
 
Considering Tables 5.1 and 5.2 together it is clear that when rapid cooling rates are 
used the homogenization temperature plays a significant role in determining the resultant 
ferrite / austenite ratio. It is also clear from the plot of Figure 5.5 that the amount of ferrite 
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changes at a consistent rate (i.e. the slope remains unchanged) independent of the starting 
ferrite amount.  Finally, the images of Figure 5.4 show that the amount of intermetallic 
expected is reduced and ferrite content increases as the homogenization temperature increases. 
 
5.2 Discussion 
For the homogenization temperature of 1150°C, there is 4.1% of intermetallic phase 
precipitated at 500°C/hr. When the cooling rate is higher than 500˚C/hr, the intermetallic phase 
is less than 0.5%. When the cooling rates increase, the ferrite phase has less time to decompose 
into austenite and intermetallic phase.  
When the homogenization temperature increases to 1205°C, the ferrite content of the 
rapid cooling rate samples increased significantly, from around 50% to 80%.  Despite this there 
is only 0.1% intermetallic phase precipitated at all cooling rates. This indicates that even 
relatively small increases in temperature affect the efficiency of the homogenization process 
and the equilibrium phase percentages. This trend continues when the homogenization 
temperature increases to 1250°C, the air cool and water quenched samples have a ferrite 
percentage over 95% and no intermetallic phase precipitated.  
Fig 5.6 shows the pseudo-binary Fe-Cr-Ni phase diagram at 70% Fe section obtained 
from [102]. The shaded area represents the range of duplex steel compositions. The dashed 
line corresponds to the composition of CD3MWCuN. The liquidus temperature of the samples 
is about 1,450°C. The first phase that starts to solidify is ferrite. At 1250°C Figure 5.6 predicts 
that the structure should be fully ferritic.  This is in general agreement with the observations 
of Figure 5.4 where only a small amount of austenite is precipitated from ferrite due to short 
time cooled from 1250°C.  
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A similar problem is evident for the homogenization temperature of 1205°C, the initial 
phase will be ferrite plus a small amount of austenite (α+γ). The formation of austenite between 
650°C and 1200°C takes place by the nucleation and growth [62]. With the four rapid cooling 
rates, the austenite content increases with decreasing cooling rate. Only a tiny amount of 
intermetallic phase exists, believed to be the result of the eutectoid reaction (α→σ+γ2), 
precipitating at the ferrite / austenite boundaries. The measured ferrite content of the four rapid 
cooling rate samples is still over 75% while for the water quenched and air cooled sample the 
ferrite content measured is around 85%.  
When the homogenization temperature is 1150°C, the initial phase will be 
approximately a mixture of ferrite (45%) plus austenite (55%) as shown in Fig 5.6. When the 
homogenization temperature is lowered to 1100°C, the ferrite percentage retained upon 
quenching remains nearly unchanged.  
 
Figure 5.6 Pseudo-binary Fe-Cr-Ni phase diagram at a 70% Fe section [102]. 
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Fig. 5.7 shows the Fe-Cr-Ni ternary phase diagram [101] at different homogenization 
temperature as determined using the ASM Alloy Phase Diagram Database. At 1150°C and 
1200°C, the composition of the CD3MWCuN is in the two-phase region. However, it is in the 
single-phase region when the temperature increases to 1250°C. This is consistent with the 
Thermo-calc simulation result (Figure 5.3) and the pseudo-binary diagram of Fig. 5.6.  
 
 
(a). 
Figure 5.7 Ternary Fe-Cr-Ni diagram at (a). 1150°C. 
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(b). 
 
(c). 
Figure 5.7. (continued) (b). 1200°C, (c). 1250°C. 
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 Given these observations and the results with the ferrite content at different 
homogenization temperature and cooling rates, it is now possible to propose a diagram to 
more accurately predict ferrite content. This was done in the following manner. Using the 
experimentally determined data points for the samples quenched from 1000°C, 1050°C, 
1100°C, 1150°C, 1205°C and 1250°C, a new curve was fit to predict ferrite content in the 
range 1000° - 1250°C, as shown in Figure 5.8.  
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Figure 5.8 Logistic fitting curve of ferrite percentage vs temperature.  
 
The equation of a logistic fitting curve for Fig 5.8 is  
 
                                y = 98.32 + (48.21-98.32)/ [1 + (TH / 1190)
51.95]                 Eq. 5-1 
 
where y is ferrite percentage and TH is the homogenization temperature. 
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A similar process can be used for the austenite percentage. The equation of a logistic fit of Fig 
5.9 is: 
 
  z = 0.99 + (51.60-0.99) / [1 + (TH /1191.17)
54.25]               Eq. 5-2 
 
where z = austenite percent and TH = homogenization temperature.  
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Figure 5.9 Logistic fitting curve of austenite percentage vs temperature.  
 
Figure 5.8 now gives us a means to determine a reasonable starting point for predicting 
the equilibrium ferrite / austenite ratio at any homogenization temperature in the range 1000°C 
to 1250°C. From this starting point one only needs to determine the effect of cooling rate on 
the resultant ferrite / austenite ratio. Figure 5.5 shows that while the ferrite / austenite ratio is 
greatly affected by the homogenization temperature the ratio changes in a uniform, linear 
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manner. Linear fits to the plots of Figure 5.5 produce the following equations for ferrite content 
as a function of cooling rate:  
 
y = 0.011RC + 42.7  1150°C  Eq. 5-3 
 
y =0.011 RC + 69.3  1205°C  Eq. 5-4 
 
where:  y = ferrite percent (%) 
  Rc = cooling rate (°C/hr) 
Similar expressions can be determined for the austenite percentage: 
 
           z = -0.00285RC + 49.6  1150°C                        Eq. 5-5 
 
z = -0.0128RC + 31.8   1205°C                        Eq. 5-6 
 
where:  z = austenite percent (%) 
  RC = cooling rate (°C/hr) 
Notice that the change in ferrite percentage is relatively constant regardless of initial 
ferrite content.  The austenite shows more variability, most likely due to the smaller amounts 
present for analysis.  
Since the slope of the ferrite plots remain constant it is now possible to combine 
Equations 5-1 and 5-3 to produce a predictive equation to determine the ferrite / austenite ratio 
for CD3MWCuN as a function of cooling rate and initial homogenization temperature.  This 
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is done as follows.  Equations 5-1 gives us the starting ferrite content y at any homogenization 
temperature TH.  Regardless of the homogenization temperature it seems that a cooling rate of 
1000°C/hr or greater will retain the initial ferrite percentage, since Table 5.1 shows the values 
of the water quenched, air-cooled, and 1000°C/hr cooling rate samples to essentially be equal. 
Therefore, since the slope of the ferrite plots is constant, what is necessary is to simply 
determine the offset necessary for each respective homogenization temperature.  One can take 
a generalized equation for ferrite percentage to be of the form: 
 
         y = 0.011Rc + b                                            Eq. 5-7       
   
The offset can be determined by assuming the ferrite percent y at 1000°C/hr is the initial 
amount of ferrite present after any homogenization treatment TH. This can be determined using 
the fitted curve to the experimental data, Equation 5-1, with an expression to determine an 
appropriate offset. This is given below: 
 
y= 98.32 + { (48.21-98.32)/[1+(TH/1190)
51.95] } +0.011 (Rc-1000)          Eq. 5-8 
 
Physically, this equation says that from the starting ferrite percent as predicted by 
Equation 5-1 for homogenization temperatures from 1000 – 1250°C the ferrite content will 
drop at a fixed linear rate within the range 1000° – 500°C/hr cooling rate. The expression 
[0.011(RC – 1000)] determines the correct offset that needs to be applied.  The assumption is 
that the starting microstructure is a homogeneous ferrite / austenite structure. 
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Testing this empirical equation against the results displayed in Table 5-1 is easily done.  
For example, for a homogenization temperature of 1150°C which experiences a cooling rate 
from that temperature of 850°C/hr, equation 5-8 predicts a final ferrite percent of 52.7%; Table 
5-1 measured 52%.  Similarly, for a homogenization temperature of 1205 and a cooling rate of 
750°C/hr, equation 5-8 predicts 78.6% ferrite; Table 5-1 measured 78%.  
The kinetics of the ferrite to austenite transformation have been investigated for many 
years. In general, the transformation can be expected to follow an Avrami relationship given 
by the empirical equation: 
 
𝑉𝛾
𝑉𝑚(𝑇)
= 1 − exp [−𝑏(𝑇) ∙ 𝑡𝑛(𝑇)]                                Eq. 5-9 
Where  
 Ve = equilibrium volume percent at the interest temperature 
 k = reaction constant 
 n = constant depends on the nucleation and growth 
 t = isothermal hold time.  
 
By analyzing the isothermal transformation of 26Cr-5Ni duplex stainless steel, 
Southwick found that this reaction did follow the Avrami reaction [103]: 
 
 Vγ = C1 + C2 · (Creq - Nieq) + C3 · Δt1,250-800                             Eq. 5-10 
 
Where 
 Vγ = austenite volume fraction at time t; 
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 Vm = equilibrium austenite volume fraction; 
 T = temperature; 
 b,n = experimental parameters.  
           
 However, Atamert also investigated the ferrite to austenite transformation for super 
stainless steels and came up with the following equation [104]: 
 
Vγ = C1 + C2 · (Creq - Nieq) + C3 · Δt1,250-800                     Eq. 5-11 
 
where  
 Δt1,250-800 = cooling time interval from 1,250 to 800°C, 
 C1, C2, C3 are constants. 
 
 Lindbolm proposed a similar equation [105]: 
 
Vγ = ki (Δt1200-800)m                                                 Eq. 5-12 
 
Where 
 Δt1200-800 = cooling time interval from 1,200 to 800°C, 
 m, ki = composition – dependent parameters.   
 
Thus, although one expects an Avrami relationship, previous researchers have proposed more 
direct fitting of their experimental data. 
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 In considering equation 5-8 proposed in this chapter, the logistic fitting curve takes the 
homogenization temperature and cooling rates into account, which gives a more accurate way 
to predict ferrite content since the homogenization temperature plays an important role on the 
final ferrite content. Cooling rate also affects final ferrite, but to a much lesser extent. 
   
5.3 Conclusion 
From the results of this chapter we can draw the following conclusions: 
(1) Homogenization temperature is the primary driver in determining the initial ferrite 
content. At slower cooling rates intermetallic precipitation dominates the 
microstructure. 
(2) Ferrite contents higher than 75% for CD3MWCuN homogenized at 1205°C for 4 hours 
can be expected with homogenization cooling rates higher than 500°C/hr.   
(3) As homogenization temperature increases less intermetallic phase is observed for rapid 
cooling rates (greater than 500°C/hr) and more ferrite is retained. This suggests that 
complete homogenization is only achieved after higher temperatures and long times. 
(4) Rapid cooling using water quenching or air cooling will greatly restrict the amount of 
intermetallic expected, even at the lower homogenization temperatures. 
(5) The final ferrite content expected in CD3MWCuN as a function of cooling rate and 
homogenization temperatures can be predicted reasonably well, assuming a fairly well 
homogenized starting microstructure and a cooling rate higher than 500˚C/hr.  
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CHAPTER 6.    EFFECT OF COMPOSITION VARIATIONS ON THE COOLIN 
RATE DIAGRAM 
It is well known that composition plays a major role in determining the ferrite / 
austenite ratio. In preparing castings minor variations in composition can be expected from 
casting to casting.  Additionally, while this study dealt with a single duplex alloy it is desirable 
to understand how other similar duplex alloys may be affected by cooling rate. Therefore, a 
series of experiments were designed to see how the cooling rates determined for CD3MWCuN 
might be affected by composition variations. Trends observed due to these differences should 
allow a more general cooling rate diagram to be developed that would allow extension of the 
results to other alloy systems. 
Samples were prepared in accordance with the descriptions provided in Section 3.3 in 
the experimental procedure. All the samples were homogenized at 1150°C for 4 hours. The 
results obtained are discussed below. 
 
6.1 Results 
6.1.1 Microstructures 
Figure 6.1 shows the BSE-SEM images of the Mo-poor (-10% relative Mo) alloy at 
different homogenization cooling rates. At cooling rates from 1000° to 200°C/hr, there are 
mainly two phases (ferrite as the dark matrix and austenite as light grey); a very small amount 
of intermetallic phase is occasionally found scattered in the microstructure. When the cooling 
rate drops to 100°C/hr, the intermetallic phase starts to form at the boundary of ferrite and 
austenite. When cooling rate is lower than 100°C/hr, a large amount of intermetallic phases 
precipitate, initiating at the boundary of ferrite and austenite, via the decomposition of ferrite 
(ασ+γ2). As cooling rate decreases ferrite is consumed by this reaction.  
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                                      a.                                                                      b. 
  
                                    c.                                                                        d. 
  
                                      e.                                                                      f. 
Figure 6.1 BSE-SEM images of -10% Mo at homogenization cooling rates of (a). 
1000°C/hr (b). 850°C/hr (c). 750°C/hr (d). 500°C/hr (e). 300°C/hr, (f). 200°C/hr. 
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                                    g.                                                                        h. 
  
                                  i.                                                                          j.  
Figure 6.1. (continued) (g). 100°C/hr, (h). 50°C/hr, (i). 20°C/hr, (j). 10°C/hr.   
 
Figure 6.2 shows the BSE-SEM images of the Mo-rich (+10% relative Mo) alloy as a 
function of homogenization cooling rates. In comparison with the Mo-poor samples it appears 
visually that: i) slightly more ferrite can be found at the higher cooling rates (1000° to 
300°C/hr); ii) At 200°C/hr, a larger amount of intermetallic phase precipitated; and iii) again 
little ferrite remains at the slower cooling rates.  
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a. b. 
  
                                    c.                                                                        d. 
  
                                    e.                                                                        f. 
       Figure 6.2 BSE-SEM images of +10% Mo at homogenization cooling rates of (a). 
1000°C/hr (b). 850°C/hr (c). 750°C/hr (d). 500°C/hr (e). 300°C/hr, (f). 200°C/hr.              
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                                    g.                                                                        h. 
  
                                  i.                                                                          j.  
Figure 6.2. (continued) (g). 100°C/hr, (h). 50°C/hr, (i). 20°C/hr, (j). 10°C/hr. 
 
Fig. 6.3 shows the BSE-SEM images of the Ni-poor (-10% relative Ni) alloy as a 
function of homogenization cooling rates. At higher cooling rate (1000-200°C/hr), less than 
1% of intermetallic phase can be seen. At slow cooling rates (10-20°C/hr), the phases are 
mainly austenite and intermetallic as the ferrite decomposes into intermetallic phase. 
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                                      a.                                                                      b. 
  
                                    c.                                                                        d. 
  
                                      e.                                                                      f. 
Figure 6.3 BSE-SEM images of -10% Ni at homogenization cooling rates of (a). 
1000°C/hr (b). 850°C/hr (c). 750°C/hr (d). 500°C/hr (e). 300°C/hr, (f). 200°C/hr 
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                                    g.                                                                        h. 
  
                                  i.                                                                          j.  
Figure 6.3. (continued) (g). 100°C/hr, (h). 50°C/hr, (i). 20°C/hr, (j). 10°C/hr. 
 
 Fig. 6.4 shows the BSE-SEM images of the Ni-rich (+10% relative Ni) alloy as a 
function of homogenization cooling rates. In comparison with the Ni-poor samples, less ferrite 
can be found at the higher cooling rates (1000-200°C/hr). This is because Ni is an austenite 
stabilizer and the increase of Ni content will increase austenite and decrease ferrite. It is also 
noticeable that the intermetallic phase starts to precipitate starting at 200°C/hr. The overall 
amount of intermetallic decreases since there is less ferrite to decompose. 
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                                      a.                                                                      b. 
  
                                    c.                                                                        d. 
  
                                      e.                                                                      f. 
Figurę 6.4 BSE-SEM images of +10% Ni at homogenization cooling rates of (a). 
1000°C/hr (b). 850°C/hr (c). 750°C/hr (d). 500°C/hr (e). 300°C/hr, (f). 200°C/hr. 
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                                    g.                                                                        h. 
  
                                         i.                                                                          j. 
Figurę 6.4. (continued) (g). 100°C/hr, (h). 50°C/hr, (i). 20°C/hr, (j). 10°C/hr. 
 
 Fig. 6.5 shows the BSE-SEM images of the Cr-poor (-10% relative Cr) alloy as a 
function of homogenization cooling rates. At 200°C/hr, a large amount of the intermetallic 
phase starts to precipitate and very little intermetallic can be seen at cooling rates higher than 
200°C/hr.  
112 
 
 
  
                                      a.                                                                      b. 
  
                                    c.                                                                        d. 
  
                                      e.                                                                      f. 
Figure 6.5 BSE-SEM images of -10% Cr at homogenization cooling rates of (a). 
1000°C/hr (b). 850°C/hr (c). 750°C/hr (d). 500°C/hr (e). 300°C/hr, (f). 200°C/hr. 
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                                    g.                                                                        h. 
  
                                         i.                                                                          j. 
Figure 6.5 (continued) (g). 100°C/hr, (h). 50°C/hr, (i). 20°C/hr, (j). 10°C/hr. 
 
 Fig 6.6 shows the BSE-SEM images of the Cr-rich (+10% relative Cr) alloy as a 
function of homogenization cooling rates. In comparison with the Cr-poor samples, more 
ferrite can be found at the higher cooling rates (1000-200°C/hr) as expected as Cr is ferrite 
stabilizer. This in turns means that more intermetallic is expected at the lower rates due to 
ferrite decomposition.  This seems to be true in the images of Figure 6.3. 
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                                      a.                                                                      b. 
  
                                    c.                                                                        d. 
  
                                      e.                                                                      f. 
Figure 6.6 BSE-SEM images of +10% Cr at homogenization cooling rates of (a). 
1000°C/hr (b). 850°C/hr (c). 750°C/hr (d). 500°C/hr (e). 300°C/hr, (f). 200°C/hr. 
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                                    g.                                                                        h. 
  
                                         i.                                                                          j. 
Figure 6.6. (continued) (g). 100°C/hr, (h). 50°C/hr, (i). 20°C/hr, (j). 10°C/hr. 
 
6.1.2 Quantitative Measurements 
Tables 6.1 and 6.2 show the ferrite and austenite percentages obtained at different cooling 
rates from the samples shown in Figures 6.1-6.6. The uncertainty associated with the 
measurements is ± 4%. Upon first glance Table 6.1 shows that in samples where the structure 
remains predominantly ferrite + austenite (i.e., above 200°C/hr) the ferrite content increases 
with an increase of homogenization cooling rate. The expected differences due to alloying 
additions are confirmed, with the austenite stabilizer Ni decreases/increases ferrite with ± 9.2% 
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variations. The increase 10% of Cr content increases 20% ferrite content. The +10% Mo 
content increases 12% (lower than 20% increase of ferrite content for the Cr content) ferrite 
content since Mo weight percentage of CD2MWCuN is 3.69% and Cr of 24.74 wt.%.  
  
Table 6.1 Ferrite percentage (%) of ± 10% Cr, Ni, Mo based on CD3MWCuN with different 
cooling rate (°C/hr). 
Cooling 
Rate 
(°C/hr) 
10° 20° 50° 100° 200° 300° 500° 750° 850° 1000° 
Base 
3.1±
1.2 
4.5±
1.3 
7.8±
2.1 
37.5
±1.6 
45± 
2.4 
52± 
1.8 
48.2
±2.1 
51.4
±2.5 
52.1
±2.5 
53.8±
1.9 
-10% Mo 
2.2±
0.5 
5.7±
0.9 
28± 
2.8 
32± 
2.6 
44± 
1.6 
51± 
2.6 
51.5
±3.1 
52± 
2.9 
52.4
±1.8 
53± 
2.1 
+10% Mo 
1.2±
0.2 
1.5±
0.6 
2.1±
1.6 
48± 
3.1 
53.5
±2.3 
58.2
±3.1 
57.5
±2.7 
58.6
±2.5 
60.1
±1.4 
61± 
2.6 
-10% Ni 
1.5±
0.3 
1.7±
0.8 
26.5
±3.5 
54.5
±2.5 
61.9
±3.2 
63.7
±2.7 
64.5
±3.1 
66.2
±3.6 
68.1
±2.9 
69.8±
2.6 
+10% Ni 
0.5±
0.5 
2.0±
0.5 
15.6
±0.8 
30.2
±3.1 
33.2
±2.1 
41.2
±3.5 
40.7
±2.5 
42.1
±2.6 
43± 
2.6 
44± 
1.6 
-10% Cr 
3.7±
0.6 
7.8±
1.3 
18.3
±1.5 
35.5
±2.5 
38.6
±1.4 
52.2
±2.6 
52.5
±3.1 
53.1
±1.9 
53.4
±2.6 
53.6±
2.1 
+10% Cr 
0.5±
0.2 
0.8±
0.5 
1.2±
0.2 
44.7
±1.6 
62.8
±2.5 
65.5
±2.5 
64.7
±2.6 
67.5
±3.1 
68.7
±2.3 
70.2±
1.8 
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Table 6.2 Austenite percentage (%) of ± 10% Cr, Ni, Mo based on CD3MWCuN with different 
cooling rate (°C/hr). 
Cooling 
Rate 
(°C/hr) 
10° 20° 50° 100° 200° 300° 500° 750° 850° 1000° 
Base 49.9± 
2.6 
51.5± 
2.3 
47.2± 
1.8 
42.2± 
3.1 
54.3± 
2.6 
47.5± 
1.9 
47.7± 
2.1 
48.1± 
2.6 
47.6± 
2.1 
46.1± 
2.8 
-10% Mo 45.2± 
1.5 
56.5± 
1.9 
61.6± 
1.6 
62.8± 
3.4 
56± 
3.2 
45.9± 
2.2 
48.4± 
1.5 
47.9± 
2.6 
47.5± 
1.5 
46.9± 
2.1 
+10% Mo 59± 
1.2 
50.5± 
1.2 
41.4± 
2.1 
48.8± 
2.8 
42.3± 
2.1 
40.6± 
1.5 
42.4± 
1.6 
41.3± 
3.6 
39.8± 
2.6 
38.9± 
3.1 
-10% Ni 45.3± 
1.8 
43.1± 
2.6 
35.2± 
2.9 
45± 
2.1 
38± 
3.1 
36.1± 
2.8 
35.5± 
2.6 
33.8± 
3.2 
31.9± 
1.2 
30.2± 
2.1 
+10% Ni 62.1± 
2.1 
56.8± 
2.6 
59.8± 
1.8 
54.8± 
2.3 
54.7± 
2.5 
58.8± 
1.6 
59.3± 
2.6 
57.9± 
1.5 
57± 
2.7 
56± 
3.8 
-10% Cr 71.5± 
2.6 
77± 
3.6 
68.5± 
2.5 
54.3± 
2.8 
61.2± 
1.7 
47.8± 
1.3 
47.4± 
3.4 
46.8± 
1.5 
46.5± 
2.9 
46.3± 
2.5 
+10% Cr 22.6± 
1.5 
46.7± 
1.9 
54.5± 
2.8 
43± 
2.6 
35.1± 
1.8 
33.3± 
2.9 
35.2± 
3.4 
32.4± 
1.5 
31.2± 
3.6 
29.7± 
2.5 
 
 Plots of the data shown in tables 6.1 and 6.2 are displayed in Fig 6.7. When the cooling 
rate is between 1000°C/hr and 300°C/hr, the ferrite content shows slight yet steady changes 
with cooling rate and composition with the trends noted being opposite for austenite. At 
cooling rates lower than 300°C/hr ferrite amounts drops precipitously as intermetallic forms 
and the amount of austenite varies somewhat erratically with composition. 
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Figure 6.7 Ferrite content images of (a) Mo, (c) Cr, (e) Ni and austenite percentage images of 
(b) Mo, (d) Cr, (f) Ni. 
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6.2 Discussion 
 
The quantitative measurements of Table 6.1 for the alloys examined in this experiment 
give ferrite percentage data based on composition variations.  It is clear that as the cooling rates 
drop in the range of 200°- 400°C/hr great variability arises in plots of the data.  This is in 
agreement with the XRD, SEM observations and quantitative measurements that all show a 
rapid increase in the amount of intermetallic expected as cooling rate slows.  However, at the 
higher cooling rates the plots tend to be linear, as shown in Figure 6.8. This transition from 
well behaved to erratic behavior is again attributed to intermetallic formation occurring in the 
various alloy systems.  Given the plots of Figure 6.9 subsequent analysis was only carried out 
on the higher cooling rates of 500°C/hr and above.   
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a.                                                                 b. 
Figure 6.8. Lineal fitting ferrite content images of Mo (a) ferrite and (b) austenite percentage 
images of rapid cooling rates from 500 to 1000°C/hr 
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Figure 6.8. (Continued) Ni (c) ferrite and (d) austenite percentage, Cr (e) ferrite and (f) 
austenite percentage. 
 
 To determine the composition effect, Cr and Ni equivalents (Creq, Nieq, respectively) 
were first calculated for all of the alloys examined using the equation proposed by Schofer 
[106-108] (Equation 2-7 and 2-8), and these values are shown in Table 6.5. Once these values 
are known the ferrite percentage present as a function of this ratio can be plotted in a manner 
similar to that of Fig 2.10 for the various cooling rates studied.  This is done in Figure 6.9 
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below.  For the sake of clarity only a three of the higher cooling rates studied are plotted (500°, 
750°, 1000°C/hr). A single slower cooling rate is included on the plot (200°C/hr) for 
comparison to demonstrate what can be expected when intermetallic formation is occurring. 
Note that in Figure 6.10 the diagram reveals that for Creq / Nieq ratios from 1.34 to 1.74 a fairly 
consistent band develops that allows prediction of the expected ferrite percent as a function of 
homogenization cooling rate for rates ranging from 500°C/hr to 1000°C/hr.  When the cooling 
rate drops to 200°C/hr the predicted curve varies considerably from this band.  
 
Table 6.3 Calculated Creq and Nieq values based on the equations of Schoefer diagram.  
Diagrams Value Base 
-10% 
Mo 
+10% 
Mo 
-10% 
Cr 
+10% 
Cr 
-10% 
Ni 
+10% 
Ni 
Schoefer 
Creq 26.0 25.2 26 23 27.8 25.8 24.8 
Nieq 16.7 16.7 16.5 17.1 16.2 15.9 17.7 
1.30 1.35 1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.75
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Figure 6.9 Proposed ferrite predict diagram as a function of cooling rate and composition 
(The error bar for each point is less than ±3.4%).  
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Observation of Figure 6.10 produces some interesting predictions.  For example, it is 
noticed that when the Creq / Nieq ratio changes from 1.5 to 1.64, a significant change of the 
ferrite content can be observed from 50% to 65%. In addition, at the Creq / Nieq ratio of 1.4, the 
decrease of ratio can result in the significance decrease of ferrite content. However, for the 
mid-range Creq / Nieq ratios of ≈ 1.4 - 1.55 the expected ferrite percentage varies relatively 
slightly back and forth across an average ferrite value of ≈ 52.5%.  This would imply that a 
number of alloys could be developed within this range, cooled at varying temperatures, and 
still produce an approximate 50/50 ferrite / austenite ratio.   
The equations of ferrite content vs Creq / Nieq plotted in Figure 6.9 for the different 
homogenization cooling rates are displayed in Appendix B. Note that the curves displayed are 
simple mathematical expressions of the best fit lines to the data. As discussed in Chapter 5 
homogenization temperature also plays an important role in the ferrite content. The diagram in 
Figure 6.10 is based on the data of homogenization at 1150°C for 4 hr since this is a typical 
homogenization temperature for industry process. If a higher homogenization temperature is 
used it is expected that the cooling rate curves will be displaced upwards, in accordance with 
the difference in starting ferrite seen vs homogenization temperature as discussed in Chapter 
5.  A general diagram can be produced if one assumes the trend associated with ferrite 
conversion to austenite when starting from a homogenized structure at 1150°C is the same for 
other homogenization temperatures. 
By consideration of the fits included in Appendix B, a general expression of the same 
form can be derived by taking the averages of all the numerical factors (excluding the 200°C 
data) for all the fit lines in the cooling rate range of 500°-1000°C/hr. With this general form 
then the position of the experimental trend can be displaced amounts equal to the offset applied 
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in Chapter 5 determined for the different homogenization temperatures.  Doing this results in 
the diagram shown in Figure 6.11. 
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Figure 6.10 Ferrite prediction diagram as a function of cooling rate, homogeneous 
temperature and Creq / Nieq. 
 
Notice that in Figure 6.10 bands of predicted ferrite percentage result as a function of 
the different cooling rates. The top line in each band represents a cooling rate from that 
homogenization temperature of 1000°C/hr while the bottom line is the prediction for a cooling 
rate of 500°C/hr. It is important to remember that only the 1150°C band represents actual data; 
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the remaining bands are predicted assuming similar kinetics of ferrite > austenite conversion. 
Further experimental work is required to test the validity of these predictions. 
 
6.3 Conclusion 
From the results of this chapter we can draw the following conclusions: 
(1) By using the alloy CD3MWCuN as a base and varying the composition of Cr, Mo, and 
Ni ± 10% relative to the base values it is possible to produce a series of alloys where 
the Creq / Nieq ratio varies from ≈ 1.35 – 1.65.  This range is sufficient to encompass a 
number of duplex alloys. 
(2) Alloys in the range studied are predicted by Thermo-Calc to behave in a similar manner 
as regards phases that form. Only amounts of phases and rate of formation should 
change. This was confirmed by experimental observations although it was concluded 
that, as for CD3MWCuN, Thermo-Calc does a poor job in predicting the correct 
equilibrium amounts. 
(3) Cooling rate from the homogenization temperature plays a large role in the final 
equilibrium amount of ferrite present. If the cooling rate is kept fairly rapid (over 
500°C/hr) then a ferrite / austenite microstructure will result with no more than 4.2% 
intermetallic present.  Lower rates can, depending upon the exact Creq / Nieq ratio, result 
in large amounts of intermetallic formation. 
(4) For cooling rates greater than 500°C/hr a ferrite percent diagram was developed based 
on CD3MWCuN heat treated at 1150°C for four hours. This diagram allows prediction 
of final ferrite amounts as a function of cooling rate and Creq / Nieq ratio.   Based on 
this data a generalized ferrite prediction diagram was developed that takes into account 
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homogenization temperature as well as cooling rate and Creq / Nieq ratio. This diagram 
should allow ferrite percentage to be predicted for a wide range of alloys and heat 
treatments. The assumption of the diagrams is that in all cases the starting material is a 
well homogenized sample. 
(5) Observation of the developed ferrite prediction diagrams shows that a number of alloys 
can be developed in the Creq / Nieq range of 1.3 to 1.7 and be easily processed to have 
an approximately 50 / 50 volume percent ratio of ferrite to austenite. 
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CHAPTER 7.    FERRITE PREDICTION: SUMMARY 
7.1 Comparison to Existing Ferrite Prediction Diagrams 
The alloy studied in this thesis, CD3MWCuN, is a common industrial alloy formulated 
to have a microstructure consisting of 50% ferrite and 50% austenite. As shown in previous 
chapters this ideal ratio is dependent on several things, such as composition, homogenization 
temperature, and cooling rate from the homogenization temperature.  Diagrams exist based on 
the work of Schaeffler, Schoefer, Delong, and the Welding Research Council [29-32], as well 
as models for modifying these diagrams and/or calculating the ferrite amount [82-84] and 
empirical equations [111]. The predicted ferrite content for the alloys studied in this research 
using these previous works is possible and comparisons to all these methods are given below.  
 
7.1.1 Schaeffler, WRC-1992 and Delong Diagrams 
Using the equations and diagrams from Section 2.1, values for Creq and Nieq were first 
calculated, and these are shown in Table 7.1. Note that the Schaeffler, WRC-1992 and Schoefer 
diagrams (Figures 2.7, 2.9 and 2.10) are immediately applicable; in order to use the Delong 
diagram it is assumed that the plot axes can be extended and the linear trend lines seen in Figure 
2.8 can be extrapolated to higher values.  This is illustrated below in Figure 7.1. 
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Table 7.1  Creq and Nieq values of the existed ferrite prediction diagram based on the seven 
composition steels (Base, ±10%Mo, Ni, Cr). 
Diagrams Value Base 
-10% 
Mo 
+10% 
Mo 
-10% 
Cr 
+10% 
Cr 
-10% 
Ni 
+10% 
Ni 
Schaeffler 
Creq 29.4 28.9 29.4 27.1 31.5 29.4 28.3 
Nieq 9.2 9.2 9.2 9.6 8.7 8.4 10.2 
Delong 
Creq 29.5 28.9 29.4 27.1 31.5 29.4 28.3 
Nieq 15.4 15.4 15.4 15.8 14.9 14.6 16.6 
WRC-
1992 
Creq 28.4 28.0 28.5 26.2 30.6 28.5 27.4 
Nieq 13.2 13.2 13.2 13.6 12.7 12.4 14.2 
Schoefer 
Creq 26.0 25.2 26 23 27.8 25.8 24.8 
Nieq 16.7 16.7 16.5 17.1 16.2 15.9 17.7 
 
 
Figure 7.1 Extended lines for Delong Diagram[30]. 
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With the Cr and Ni equivalents in hand and the modified Delong Diagram the predicted 
ferrite amounts can be easily determined. These values are shown in Table 7.2 while Table 7.3 
compares the various predicted values for the base alloy to what was actually measured in this 
study.  It is obvious that a wide range of ferrite percentages are predicted by previous diagrams 
which do not match the experimental observations for CD3MWCuN. 
 
Table 7.2  Predicted ferrite content with the existing ferrite prediction diagram. 
Diagrams Base -10%Mo +10%Mo -10%Cr +10%Cr -10%Ni +10%Ni 
Schaeffler 86% 85% 87% 70% 90% 88% 65% 
Delong 30% 28% 30% 22% 36% 33% 25% 
WRC-1992 70% 65% 70% 35% 78% 75% 45% 
Schoefer 22-46% 20-40% 25-50% 13-25% 36-63% 27-55% 15-29% 
 
Table 7.3  Ferrite content as predicted and measured in CD3MWCuN. 
Diagrams CD3MWCuN Base Alloy 
Schaeffler 86% 
Delong 30% 
WRC-1992 70% 
Schoefer 22-46% 
Measured (1000˚C/hr) 53.8% (1150°C); 80.9% (1205°C)  
Measured (500˚C/hr) 48.2% (1150°C); 75.1% (1205°C) 
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The amount of ferrite predicted by this thesis work for CD3MWCuN for 1000°C/hr 
and 500°C/hr is listed in Table 7.4. The excellent agreement seen for the logistical fit is to be 
expected since the models and equations came directly from the measured data and this is 
simply a mathematical fit.  
 
Table 7.4  Ferrite content as measured and cacluated in CD3MWCuN based on logistic. 
This Thesis CD3MWCuN Base Alloy 
Measured (1000°C/hr) 53.8% (1150°C); 80.9% (1205°C) 
Measured (500°C/hr) 48.2% (1150°C); 75.1% (1205°C) 
Logistic Fit (1000°C/hr) 54.4% (1150°C); 81.4% (1205°C) 
Logistic Fit (500°C/hr) 48.9% (1150°C); 75.9% (1205°C) 
 
Given the better understanding of the influence of homogenization temperature and 
cooling rate from it, the observed differences between all these studies may now be understood. 
The studies of Schaeffler and WRC concerned microstructure development in weld samples – 
the WRC study solicited magnetically measured amounts from members while Schaeffler 
looked at amounts of ferrite in welded structures when using austenitic electrodes. In this study 
samples were produced by using different electrodes on steels of different compositions, and 
then examining the microstructure of the weld bead afterwards – a quite different method than 
employed in this thesis.  For the Schaeffler diagram, the predicted ferrite content for all the 
seven composition steels is over 70%. In order to achieve that amount of ferrite content, the 
material had to have reached a high temperature (higher than 1200°C) and experienced a 
cooling rate of 1000°C/hr. Both conditions would have been possible in the Schaeffler and 
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WRC studies when one considers their experimental techniques. A rapid cooling from the 
molten state is expected, which would lead to a high amount of ferrite. Similarly, the Delong 
diagram is really for welding of austenitic steels and is not expected to be terribly accurate.  
The predicted ferrite content for all the seven composition steels is less than 36%, which would 
have required an homogenization temperature less than 1100°C and a cooling rate slower than 
200°C/hr. However, the Delong study dealt with Austenitic alloys so composition was likely 
the predominant effect rather than heat treatment.  
 
7.1.2 Schoefer Diagram 
The Schoefer Diagram seems to be the most relevant of the existing diagrams.  This 
work was based on solution heat-treated stainless steel castings (CF-3, CF-3M, CF-8, and CF-
8M) that covered a range of compositions [110].  The homogenization times were in the range 
of from 1-4 hours and temperatures used ranged from 1093°C to 1177°C for the alloys studied.  
This is why a wide band of ferrite content is represented in the Schoefer diagram. The Shoefer 
diagram is shown in Fig 7.2 with the data from this study (200°C/hr and 1000°C/hr 
homogenized at 1150˚C, 4 hr) superimposed on the plot to facilitate direct comparison. In 
comparison with the Schoefer Diagram (Fig. 2.10), the 200˚C/hr data comes closest to falling 
within the bounds specified for the predicted ferrite percentage, although it is low over the 
entire range.  This deviation increases when the cooling rate increases to 1000˚C/hr, with the 
deviation becoming greater as the Creq /Nieq ratio falls below 1.55. As homogenization 
temperature increases these curves will be shifted to the right on the Schoefer Diagram, further 
increasing the deviation. 
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Figure 7.2 Schoefer Diagram based on the 1150°C homogenization temperature and 
1000°C/hr cooling rate. 
 
  Figure 7.3 shows the 1150˚C homogenization data from this study plotted in a manner 
similar to the Schoefer Diagram. All of this data is replotted in Figure 7.4 with the error bars 
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omitted for clarity. Above a cooling rate of 500˚C/hr it is apparent that a reproducible “knee” 
exists in the data that is not reflected (or at best very poorly shown) in the Schoefer diagram.  
This says that a considerable range of Creq /Nieq values exist where the ferrite / austenite ratio 
will remain essentially constant.  
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Figure 7.3. Proposed ferrite prediction diagram as a function of cooling rate and composition, 
(a).200°C/hr (b).500°C/hr. 
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Figure 7.4. (continued) (c).750°C/hr, (d)1000°C/hr. 
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Figure 7.5 Prosed ferrite prediction diagram as a function of cooling rate, homogeneous 
temperature and Creq / Nieq. 
 
7.1.3 Computational Models: Function Fit, ORDN, BNN 
 
The Function Fit, ORDN, BNN models discussed in section 2.5 [82-84] are not strictly 
applicable to duplex stainless steel castings since all were based on predicting ferrite amounts 
in welded wrought alloys.  The models all employ a number of constants that were developed 
for the wrought alloys but not for cast alloys.  Attempts at trying to apply these models to the 
cast alloys were frustrated by a lack of constants the methods. 
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7.1.4 Modified Schaeffler Diagram 
The only previous diagrams that took into account cooling rate are the modified 
Schaeffler diagrams [83] discussed in section 2.5 and first shown in Fig. 2.21 and reproduced 
below in Figure 7.5 with the composition for CD3MWCuN marked. These diagrams were 
developed for welding situations and display extremely high cooling rates ranging from 2.5 × 
108 to 5.4 × 109 °C/hr, much higher than what was used in this study.  Note that for 
CD3MWCuN the expected ferrite percent would vary from 100% ferrite at the highest cooling 
rate to approximately 60% ferrite at the slowest rate. 
      
a.          b. 
  
          c. 
Figure 7.6 Modified Schaefler Diagram proposed by David [83] for different cooling rates at 
(a). 5.4×109°C/hr, (b). 1.7×109°C/hr, (c). 2.5×108°C/hr. 
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Observation of the diagrams shows that as cooling rate increases the rate of the 
transformation increases; the spread between the 0 and 100% ferrite lines contracts. For the 
fastest cooling rate used in this study (water quenching) one might estimate a cooling rate of 
1000°C/sec, or 3.6 x 106 °C/hr, two orders of magnitude slower than the slowest rate displayed 
in Figure 7.5. Therefore, one would expect the spread between the lines to be much wider, 
effectively causing a lower ferrite percent to be predicted. A simple estimate can be obtained 
by plotting the predicted percent ferrite vs cooling rate for the plots of Figure 7.5 then using 
the best fit line to predict ferrite content at a cooling rate of 3.6 x 106 °C/hr.  This is done in 
Figure 7.6 with the best fit line as shown.  The predicted ferrite amount for a cooling rate of 
3.6 ˟ 106 ˚C/hr is ≈ 73.4 vol % ferrite. 
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Figure 7.7 Linear fit to data obtained from Figure 7.2 (David, reference 83) 
It is clear by observation of the microstructures of Figures 5.4 that such a simple 
analysis of David’s results in terms of the results presented in Chapter 5 is inadequate.  For a 
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simple linear fit essentially any cooling rates used in this thesis would result in a predicted 
ferrite amount of ≈ 73% ferrite.  It is equally clear that final ferrite percentage is much more 
strongly influenced by homogenization temperature than by cooling rate. In a welding situation 
(as studied by David) homogenization of the melt doesn’t necessarily occur so the situations 
are different. However, the amount of heat input into the work piece should have an analogous 
effect to different homogenization temperatures. The cooling rate during welding may range 
from 102 to 106 °C/sec depending on the welding process. For the conventional welding such 
as gas tungsten arc welding, the cooling rate may be in the order of 103 °C/sec. David used 
laser beam welding which the cooling rate is in the order of 106 °C/sec. It is possible the varying 
ferrite percentages seen by David [83] (ranging from 100% ferrite to approximately 71% ferrite) 
are more a result of overall heat input than the simple change in cooling rate.  In all cases 
cooling was extremely rapid, and given the results of this thesis all rates should have produced 
similar ferrite results. 
 
7.1.5 Empirical Calculations 
 Lastly, the prediction of ferrite content using empirical equations was proposed by R. 
Sanchez in [111].  This method used the following equations to predict ferrite in duplex 
stainless steels: 
                                               Creq = Cr + 1.73 Si + 0.88 Mo                                           Eq. 7-1 
 
                                         Nieq = Ni + 24.55 C + 21.75 N + 0.4 Cu                                Eq. 7-2 
 
                Ferrite (%) = -20.93 + 4.01 Creq – 5.6 Nieq + 0.016 T                         Eq. 7-3 
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Where T (°C) is the annealing temperature ranging from 1050-1150°C [111]. Using an 
homogenization temperature of 1150°C and the seven compositions produced (Base, ± 10% 
Cr, Ni, Mo) and discussed in Chapter 6 the ferrite percentage estimated according to Sanchez 
can be calculated and this is shown in the Table 7.5. Also included in the table are the 
quantitative measurements obtained for samples cooled at 500°C/hr. 
Table 7.5  Predicted ferrite percentage at homogeneous temperature of 1150 °C with Eq. 7-3. 
 Base -10%Mo +10%Mo -10%Ni +10%Ni -10%Cr +10%Cr 
Creq 29.2 28.7 29.1 29 28.8 26.9 31.7 
Nieq 13.4 13.3 13.1 12.6 14.4 13.9 12.9 
Ferrite (%) 
(Sanchez) 
39.5 38 41 43.2 32.4 25.5 52.4 
Quantitative 
(500°C/hr) 
48.2 51.5 57.5 64.5 40.7 52.5 64.7 
  
 In comparison with the predicted and measured data, this empirical equation under-
estimates the ferrite percentage for all seven different compositions.  The estimation would 
only get worse if higher homogenization temperatures had been used.  If one looks at Fig. 6.11  
and assumes the curves drop at a uniform rate (15% ferrite percentage per 50°C) then 
hypothesized curves can be constructed and this is done in Fig 7.7.  At an homogenization 
temperature of 1100°C, the predicted ferrite percent of Sanchez’s work is close to what would 
be predicted by the analyses of this research if the material had been homogenized sufficiently 
at 1100°C. Thus, there appears to be some agreement between this thesis and Sanchez’s work. 
When the Homogenization T increases, the curves will shift upwards at a rate of 0.3×(T-1150) 
valid from 1150°C to 1250°C. When the Homogenization T decreases, the curves will shift 
downwards at a rate of 0.046×(T-1150) valid from 1000°C to 1150°C. 
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Figure 7.8 Ferrite percentage vs Creq/Nieq ratio at different homogenization temperatures. 
 
7.2 Generic Application of Proposed Ferrite Prediction Diagram 
While this study focused directly on the casting of CD3MWCuN the results of 
experiments conducted where composition variations were introduced to the base alloy 
(Chapter 6) provide a means to predict ferrite percentages in other alloy systems. The figures 
displayed in Chapter 6 as 6.10 and 6.11 are generalized to predict ferrite percentage as a 
function of the Cr and Ni equivalents. This should make the plots applicable to other duplex 
alloys. 
Table 7.6 shows compositions of three additional duplex casting alloys, ranging from 
CD3M to CE3MN. Values for Creq and Nieq, the Cr and Ni equivalents, are computed using 
equations 2-8 and 2-9. 
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Table 7.6 Compositions of three different duplex stainless steels with computed Creq/Nieq. 
Cast 
Grade 
Cr Ni Mo C N Mn Si Fe Creq Nieq 
Creq/
Nieq 
 
CD3MN 
 
22.0 5.5 3.0 0.03 0.2 1.2 0.75 Bal. 23.3 14.45 1.6 
CE8MN 23.5 9.0 3.8 0.05 0.2 0.8 0.5 Bal. 24.6 18.35 1.34 
 
CE3MN 
 
25.0 7.0 4.5 0.03 0.2 0.9 0.5 Bal. 27.1 15.8 1.71 
 
 
The computed values for the Creq / Nieq ratio are 1.6, 1.3, and 1.71 for alloys CD3MN, 
CE8MN, and CE3MN, respectively. All these Creq / Nieq ratios fall within the range of Figures 
6.10 and 6.11. Using these diagrams the predicted ferrite amounts can be estimated and this is 
done in Table 7.7 for different cooling rates after a homogenization temperature of 1150°C for 
four hours calculated using the Logistic fit equations in Appendix B.  
 
Table 7.7 Predicted ferrite content (%) at different cooling rates using proposed equations.  
CAST GRADE 200°C/hr 500°C/hr 750°C/hr 1000°C/hr 
CD3MN 55 58.1 62.1 63.0 
CE8MN 40.7 42.1 43 44 
CE3MN 64.5 67.3 68.5 70.0 
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At this time no experimental data exists to confirm these predictions and experiments 
to confirm these results are proposed as future work for this project. The Steel Founders Society 
has been contacted and attempts are being made to obtain data from their member companies. 
It is important to note that the ferrite prediction diagram of Fig 6.11 while generic to a 
certain extent, is only valid under a given set of boundary conditions which are: 
 
1. Homogenization temperature TH is 1150°C or higher to 1250°C.  Higher temperatures can 
be expected to shift the curves up; lower temperatures can be expected to shift the curves down. 
2. The diagram is only valid for cooling rates fast enough to suppress intermetallic formation. 
This implies a cooling rate minimum of ≈ 500°C/hr. 
3. The diagram assumes an homogenous starting structure.   
4. This diagram covers the Creq/Nieq ratio from 1.34 to 1.65. 
 
7.3 Future Work 
 While the work of this thesis is the first of its kind and represents an important first step 
in producing a ferrite prediction diagram based on cooling rate much work needs to be done to 
verify the predictions and conclusions arrived at in this study.  Suggested future experiments 
would include: 
1. Studying additional homogenization temperatures (and repeat the experiments at all these 
temperatrues) to obtain a better correction to the Thermo-calc prediction curve so that the 
starting ferrite percentage is known more accurately.  For example, homogenizing 
temperatures of 1075°C, 1175°C, 1225°C should be done to verify the accuracy of the 
proposed diagram and determine a better correction.  
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2. Conducting additional rapid cooling rates to verify if the ferrite content will fall with the 
confines of proposed diagram. Additional rapid cooling rates (e.g. 600°, 700°, 800°, 900° and 
950°C/hr) would enable this. Additionally, slower rates could be run to see where the curves 
start to deviate substantially due to intermetallic formation. 
3. Perhaps most critical would be the addition of other duplex stainless steel castings such as 
CE8MNN (2A), CE3MN (5A) and CD4MCuN (1B) to measure the accuracy of the proposed 
general diagram. Experiments such as these would confirm / disprove the validity of the 
proposed ferrite prediction diagram. 
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CHAPTER 8.    GENERAL CONCLUSION 
The findings from this study allow the following conclusions to be made. 
 
1. The solidification cooling rate is relatively unimportant as long as an adequate 
homogenization treatment is used.  Homogenization temperatures as low as 1150°C 
and as high as 1250°C were all adequate, although longer times are needed at the lower 
temperature (4 hours minimum is recommended) to ensure complete homogenization.  
2. The 1250°C homogenization heat treatment used, based on the recommendation of 
Dupont (12), did an excellent job at producing a homogenous structure.  When 
homogenized in this manner less than 4% differences were seen in the ferrite / austenite 
ratio, regardless of cooling rate through the solidification temperature.  
3. Homogenizing at 1150°C for times shorter than 4 hours can yield satisfactory results 
for CD3MWCuN if the cooling rate from the homogenization temperatures is kept 
high, 500°C/hr as a minimum. 
4. Homogenization temperature gives a higher starting ferrite content, less intermetallic 
left from the initial casting, and a more uniform composition as a starting 
microstructure. It plays a much greater role in determining final ferrite percent than 
cooling rate as long as cooling rate remains greater than 500˚C/hr. 
5. The homogenization temperature routinely used by industry can be expected to contain 
significant amounts of intermetallic formation if the cooling rate is less than 200°C/hr. 
The predominant intermetallic phase is sigma and it forms at the expense of the ferrite 
phase. Significant amounts (20-50 vol.%) will form at cooling rates slower than 
100°C/hr. 
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6. The point-count method of quantification gave the best, most consistent quantitative 
answers but requires the most time and effort. 
7. Based on the results for CD3MWCuN ferrite percentages can be predicted for fully 
homogenized starting structures as a function of cooling rate using the prediction 
diagrams developed in this thesis. 
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APPENDIX A.    BSE-SEM IMAGES 
Appendix A contains all of the micrographs for 10°, 20°, 50°, 100°, 300°C/hr solidification 
rate homogenized at 1250°C for 4 hours. 
 
  
 a. b. 
  
 c. d. 
  
 e. f. 
Figure A.1 BSE-SEM images of 10°C/hr Solidification rate (Homogenized at 1250°C) and 
(a) 10°C/hr homogenization cooling rate, (b) 20°C/hr, (c) 50°C/hr, (d)100°C/hr, (e)200°C/hr, 
(f) 300°C/hr. 
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a.                                                                       b. 
  
c.                                                                          d. 
   
e.                                                                          f. 
Figure A.2 BSE-SEM images of 20°C/hr Solidification rate (Homogenized at 1250°C) and 
(a) 10°C/hr homogenization cooling rate, (b) 20°C/hr, (c) 50°C/hr, (d)100°C/hr, (e)200°C/hr, 
(f) 300°C/hr. 
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a.                                                                       b. 
  
c.                                                                          d. 
  
e.                                                                          f. 
Figure A.3 BSE-SEM images of 50°C/hr Solidification rate (Homogenized at 1250°C) and 
(a) 10°C/hr homogenization cooling rate, (b) 20°C/hr, (c) 50°C/hr, (d)100°C/hr, (e)200°C/hr, 
(f) 300°C/hr. 
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a.                                                                       b. 
  
c.                                                                          d. 
  
e.                                                                          f. 
Figure A.4 BSE-SEM images of 100°C/hr Solidification rate (Homogenized at 1250°C) and 
(a) 10°C/hr homogenization cooling rate, (b) 20°C/hr, (c) 50°C/hr, (d)100°C/hr, (e)200°C/hr, 
(f) 300°C/hr. 
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a.                                                                       b. 
  
c.                                                                          d. 
  
e.                                                                          f. 
Figure A.5 BSE-SEM images of 100°C/hr Solidification rate (Homogenized at 1250°C) and 
(a) 10°C/hr homogenization cooling rate, (b) 20°C/hr, (c) 50°C/hr, (d)100°C/hr, (e)200°C/hr, 
(f) 300°C/hr. 
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APPENDIX B.    FITTING EQUATIONS 
 
Table B.1 4th order polynomial fitting curve of ferrite content vs homogenization cooling rate. 
Homogenization cooling rate (°C/hr) Fitting equation 
200 y= -24827+61955x-57230x2+23150x3-3442x4 
500 y= -107341+279228x-271379x2+116818x3-18787x4 
750 y= -101388+261349x-255061x2+109444x3-17535x4 
850 y=-154868+408785x-403460x2+176503x3-28873x4 
1000 y= -102399+267013x-260034x2+112114x3-18050x4 
 
             The best fit lines for Fig 6.9 are shown in Table 6.5 where y=ferrite content, 
z=austenite content and Rc=homogenization cooling rate. Note that the exact slope of 0.011 
applies to two of the compositions in Table 6.5 (-Ni and +Cr) and an approximate slope of 
0.005 is a reasonable fit for four of the variations.  Only –Mo and –Cr vary significantly from 
the standard trend. When examining Figure 6.9 it would appear that being low in Cr and/or Mo 
when the Cre / Nie ratio is in the range 1.40 to 1.55 would be less significant than at either 
lower or higher ratios. For example, at the Cre / Nie ratio of 1.4, the decrease of Cr content will 
significantly decrease the ferrite content as Figure 6.9 shows.  
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Table B.2 Lineal fit equations of ferrite and austenite percentage as a function of cooling rate 
and composition.  
Composition Ferrite equation Austenite equation 
Base y=0.011Rc+42.76 z=-0.003Rc+49.58 
-10%Mo y=0.003Rc+49.93 z=-0.003Rc+49.97 
+10%Mo y=0.007Rc+53.71 z=-0.007Rc+46.19 
-10%Ni y=0.011Rc+58.84 z=-0.002Rc+48.50 
+10%Ni y=0.007Rc+37.30 z=-0.011Rc+41.16 
-10%Cr y=0.002Rc+57.40 z=-0.002Rc+48.50 
+10%Cr y=0.011Rc+59.20 z=-0.011Rc+40.71 
From the plots of Figure 6.10 we can now apply a similar analysis to what was 
conducted in Chapter 5 to determine the effect that composition variation may have on the 
ferrite / austenite ratio.  
 
 
 
 
